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ABSTRACT. Missense mutations in the collagen triple-helix that replace one of the required Gly residues
in the (Gly—Xaa—Yaa), repeating sequence have been implicated in various disorders. Although most
hereditary collagen disorders are rare, a common occurrence of a Gly replacement mutation is found in
the collagenous domain of mannose binding lectin (MBL). A &lyAsp mutation at position 54 in MBL

is found at a frequency as high as 30% in certain populations and leads to increased susceptibility to
infections. The structural and energetic consequences of this mutation are investigated by comparing a
triple-helical peptide containing the N-terminal GIX—Y units of MBL with the homologous peptide
containing the Gly to Asp replacement. The mutation leads to a loss of triple-helix content but only a
small decrease in the stability of the triple-heliXT, ~2 °C) and no change in the calorimetric enthalpy.
NMR studies on specifically labeled residues indicate the portion of the peptide C-terminal to residue 54
is in a highly ordered triple-helix in both peptides, while residues N-terminal to the mutation site have a
weak triple-helical signal in the parent peptide and are completely disordered in the mutant peptide. These
results suggest that the N-terminal triplet residues are contributing little to the stability of this peptide, a
hypothesis confirmed by the stability and enthalpy of shorter peptides containing only the region C-terminal
to the mutation site. The Gly to Asp replacement at position 54 in MBL occurs at the boundary of a
highly stable triple-helix region and a very unstable sequence. The junctional position of this mutation
minimizes its destabilizing effect, in contrast with the significant destabilization seen for Gly replacements
in peptides modeling collagen diseases.

A variety of hereditary disorders are due to mutations in  The nature of the disease associated with a mutation
the collagen triple-helix motify, 2). The triple-helix is the depends on the function and location of the triple-helix
characteristic structure in the family of extracellular matrix containing moleculel( 2, 8). The first characterized collagen
proteins defined as collagens and also forms a domain intriple-helix molecular disease was Osteogenesis Imperfecta
various host-defense proteir8).(Three extended polyproline  (Ol), a hereditary bone disorder due to mutations in type |
ll-like chains are supercoiled around each other to form the collagen, the predominant collagen in bo®. (A variety
triple-helix structure, with hydrogen bonds between the three of hereditary disorders has been linked to mutations in other
chains #—6). The extended chain conformation is stabilized collagen types, such as dystrophic epidermolysis bullosa due
by a high content of the imino acids, Pro and Hyp, while to mutations in type VI collageni( 8, 10). Mutations have
the close packing of the three chains requires every third also been found in the triple-helix domains of noncollagenous
residue to be glycine. These conformational requirements Proteins, such as the variants observed for C1q and mannose
generate a repeating (GHX—Y), sequence, where X and binding lectin @, 11). Ma_mnpse blndmg lectin (MBE,aIsp '

Y are frequently occupied by Pro and Hyp, respectively. known as mannose binding protein or mannan binding
While any residue can be accommodated in the X or Y prot_eln) plays a cr_|t|cal role in host-defense_ agal_nst patho-
positions 7), replacement of Gly by any larger amino acid 9€nic microorganisms 2( 12-14). It functions in the
appears to result in pathology. The most common mutationsCOMpPlement pathvx(ay gnd opsonization. _Th_e lectin pathyvay
in triple-helices are missense mutations causing Gly to be of complement activation requires association of MBL with

replaced by one of eight bulkier residues generated by aN]'ErI;. assoma}tedtserme proteases (I\/{ﬁSPS)]; Itis t?e pmdmg
single nucleotide change. of this complex to sugar groups on the surface of microor-

ganisms that leads to MASP autoactivation and cleavage of
the complement components C4 and C2. MBL consists of
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four distinct domains: a N-terminal Cys rich domain; a
collagen-like domain with a kink; a short coiled-caihelix;

and a C-terminal globular lectin. The collagenous domain
of human MBL is of the form (Gly-X—Y);—Gly—GIn—
(Gly—X—=Y)12 and contains a kink at the GhGIn inter-
ruption site. The N-terminal region of the triple-helix prior
to the interruption, together with the adjacent Cys-rich region,
self-associates into disulfide linked biologically active oli-
gomers of four to six molecules, which have a bouquet-like
appearancel@—15). The fifth triplet of the triple-helix
(Gly—Thr—Lys) is the site of a common Gly~ Asp
mutation at codon 54 causing a low serum level of MBL,
while other less frequent variants include a Gly Glu
replacement in the sixth triplet and an Arg Cys replace-
ment in the fourth tripeptide unit of the collagen domén (
14, 16—19). The Gly— Asp mutation at position 54 in MBL
has been implicated in childhood infections and increased
susceptibility to infections and autoimmune disedsé 18).
This variant has a frequency as high as 30% in sub-Sahar
African populations, making it by far the most frequent Gly
substitution observed in any collagenous doma&nip).

Extensive studies have been carried out to investigate the

molecular mechanism that links the Gly Asp mutation in
the collagen-like domain of MBL to increased risk of
infection. In particular, the mutation has been shown to
interfere with normal assembly of the trimeric molecules into
oligomers and to alter interactions with MASEX% 16, 19—

21). Studies on recombinant MBL suggests that the triple-

helix formed when the mutation is present has an enthalpy

similar to the native state but a reduced stabilit@-21).
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terminus with only a very small drop in stability and no loss
of enthalpy in the model peptide.

MATERIALS AND METHODS

Peptides Peptides MBL 4561, MBL 45-61[G10D],
MBL 42—61, MBL 42—61[G13D], and MBL 45-64 were
synthesized by Synpep Corporation (Dublin, CA), while
peptides MBL 54-61 and MBL 5761 were synthesized
by Tufts University Core Facility (Boston, MA). Peptides
were purified by a Shimadzu reversed-phase HPLC system,
and the identity of the peptides was confirmed by laser
desorption mass spectrometry. The concentration of MBL
42—61, MBL 42-61[G13D], and MBL 45-64 was deter-
mined by dry weight. All other MBL model peptides
included a Tyr at the C-terminus, and the concentration was
determined using the molar extinction coefficient 1400 {M
cm) at 275 nm on a Beckmann model DU640 spectro-

hotometer.
arl

Circular Dichroism SpectroscopyCircular dichroism
spectra were recorded on an AVIV model 62DS spectropo-
larimeter. Cuvettes of 1 mm path lengths were used, and
the temperature of the cells was controlled using a Peltier
temperature controller. Peptides were equilibrated &0
in either PBS buffer, pH 7 or in 50 mM glycine/HCI buffer,
pH 3 for at least 48 h prior to temperature-induced
denaturation, which was monitored at 224 nm. The peptides
were equilibrated for 2 min at each temperature, and the
temperature was increased at an average rate Sfin,
using our standard conditions described previouady. (The
error inTy, values is+0.5°C. For equilibrium experiments,

Synthetic collagen peptides offer an approach to character-the equilibration time was-412 h at each temperature in

izing the effect of mutations on the triple-helid). Peptide
models composed of all GiyPro—Hyp triplets can success-
fully incorporate a Gly mutation. The high-resolution struc-
ture of a (Pre-Hyp—Gly),o peptide with a Gly to Ala
substitution near the center indicated a local loss of direct
hydrogen bonding and a slight untwisting at the mutation
site ). The replacement of a single Gly in a hegest

the pretransition region,-24 h in the transition region, and
20—30 min in the posttransition region.

Calorimetry. Differential scanning calorimetry (DSC)
experiments were recorded on a NANO-DSC Il model 6100
(Calorimetry Sciences Corporation.). Peptides were dialyzed
against PBS buffer and equilibrated at®© for at least 48
h. Peptide solutions (1 mg/mL in PBS buffer, pH 7) were

(Gly—Pro—-Hyp)s system by the set of residues generated |5aded at °C into the cell and heated at a heating rate of 1
by a single base change leads to a dramatic loss of stability,.c/min, Since this heating rate gives a scan that is far from
with the dggree of de_stabilization dependent on the identity equilibrium @6), the denaturation temperatufg observed
of the residue replacing Gly: Ala& Ser < Cys < Arg < is scan-rate dependent and higher than that observed for CD
Val < Glu, Asp < Trp (23, 24). The sequence surrounding  stydies done at slower rates. The enthalpy was calculated
the replacement can also affect the degree of destabilization from the first scan since the scans were not reversible upon
Peptides that model two Gly~ Ser Ol sites both show a  peing cooled. Enthalpy measurements under these conditions
significant decrease in triple-helix stability, but the change should be valid since it was shown for similar collagenous
in Tmis 11°C in one case and 2Z for the other case2f). peptides that the enthalpy is not dependent on the heating
Here, studies on peptides containing Gly replacements arerate @6).
extended to model the Gly to Asp mutation found at position  NMR Spectroscopyrhe MBL 45-61 and MBL 45-61-
54 in the N-terminal triple-helical domain of MBL. This [G10D] peptides were synthesized wiiN-Gly at positions
mutation is of interest because of the high frequency of its 7 and 25. All NMR samples were prepared in 10%0D
occurrence and because of the high degree of destabilizatioro0% HO in sodium phosphate buffer at pH 7, with
expected when an Asp replaces a Gly in the triple-helix. concentrations of 8 mg/mL for MBL 4561 and 13 mg/mL
Circular dichroism spectroscopy (CD), NMR spectroscopy, for MBL 45—61[G10D]. NMR experiments were performed
and calorimetric studies indicate that the MBL N-terminal on a Varian INOVA 600 MHz spectrometer. Th#H—15N}
(Gly—X—Y), sequence has an asymmetric nature: a highly heteronuclear single quantum coherence (HSQC) spectra
ordered triple-helix stabilized substantially by electrostatic were recorded at 0 and 4C (27, 28). Spectral widths were
interactions C-terminal to residue 54 contrasts with an 6000 Hz in the proton dimension and 1500 Hz in the nitrogen
unstable triple-helix with weak hydrogen bonding N-terminal dimension. All data had 2048 complex data points intthe
to residue 54. The Gly to Asp substitution occurs just at the dimension and 128 increments in thedimension. Two-
boundary and leads to complete disordering of the N- dimensional data were processed on a Silicon Graphics
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Table 1: Thermal Stability and Calorimetry of Peptides Modeling the N-Terminal Collagenous Domain of MBL and Homologous Peptides
Containing Gly54Asp Replacements

Tn (°CF [Omrw] 224 AHcal
peptide sequenée pH7 pH3 (degcnddmolY)®  (kJ/molf

MBL 42—61 Ac-GINGFOGKDGRIGETKGEKGEOGPOGPOGPOGPOGG-CONH 23.0 8.9 4820£680) n.d.
MBL 42—-61[G13D] Ac-GINGFOGKDGRIDTKGEKGEOGPOGPOGPOGPOGG-CONH 21.3 2600 £450) n.d.
MBL 45—64 Ac-GFOGKDGRIOETKGEKGEPGQGPOGPOGPOGPOGV-COMNH <0 n.d.
MBL 45—-61 NH-GFOGKDG*RDGTKGEKGEOGPOGPOG*POGPOGY-COOH 17.9 <0 4655 ¢520) 145
MBL 45—61[G10D] NH-GFOGKDG*RDDTKGEKGEOGPOGPOG*POGPOGY-COOH 15.9 2988 £250) 141
MBL 54—61 Ac-GTKGEKGEOGPOGPOGPOGPOGY-COOH 18.5<0 4017 &400) 191
MBL 57—61 Ac-GEKGEOGPOGPOGPOGPOGY-COOH 11.1<0 3564 ¢350) 134

aT, values are derived from temperature denaturation monitored by CD at 224 Trovobtain the mean residue ellipticitPlirw] 224, peptides
were equilibrated at least 48 h atQG. ¢ AH.y is obtained from calorimetric experiments done at pH 7 with a heating rat€Gfriin. The error
for AHga is £10 kJ/mol.4 Asterisk (*) is used to indicaté’N-labeled residues used for NMR studies.

5000 T T T T T

workstation using the FELIX 97 software package (MSI, San
Diego, CA).

To accurately measuréN R, values,R, measurements
were carried out separately for monomer and trimer reso-
nances with different relaxation delay?\ R, measurements
for monomer peaks were performed in two dimensions with
seven relaxation delays (10, 50, 90, 130, 170, 210, and 250
ms), while measurements for the trimer peaks used one-
dimensional experiments with seven relaxation delays (4.8,
14.4, 24.0, 33.6, 43.2, 52.8, and 62.4 ms) and were averaged
over two data sets. F§tH—5N} NOE measurements, one-
dimensional spectra were collected in the presence and :
absence ofH saturation 29). All relaxation experiments 0 10 20 30 40
were performed at OC. T(°C)
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Peptide DesignOne peptide was designed to include the

entire N-terminal sequence of the collagenous domain in
human MBL, GINGFOGKDGRDGTKGEKGEP (MBL 42

61), while a second peptide included only residues @5,
lacking the N-terminal GIN triplet (designated MBL 45
61). Four additional Gly-Pro—Hyp tripeptides were added

at the C-terminus for stabilization. The last GEP triplet was
changed to GEO (where O denotes Hyp) to increase stability,
even though there is direct evidence that this Pro in the Y 1000 |-
position remains unhydroxylated%). Both peptides, with
six triplets from MBL and seven triplets from MBL, formed 0 : L : : :
a stable triple-helix structure. Attempts to extend the 0 10 20 %0 40
sequence in a C-terminal direction through the GQG inter- T(°C)

ruption was so destabilizing that a triple-helix structure did Ficure1: Temperature-induced denaturation monitored by circular
not form, and these peptides were not studied further (Tabledichroism spectroscopy at 224 nm (A): MBL-451 (@) and MBL

1). 45—-61[G10D] ©). The inset shows a wavelength scan monitored

- . . by CD at 0°C. (B) MBL 54—61 (¢) and MBL 5761 (¥). For
Homologous peptides were synthesized with a Gly to Asp cgmparison, MIgL) 4561 is shO\(NZl as dotted line. éo)lid lines

replacement at position 54 in the MBL sequence, corre- represent fits to a monomer trimer model: 3MT. All samples
sponding to the 10th residue in the peptide MBL—A.- were run under the same standard conditions (averagkodndin)
[G10D]) and the 13th residue in MBL 4261[G13D]. When and can be compared even though these are not equilibrium
evidence indicated that the peptides were not folded N- conditions g6).
terminal to the mutation site, peptides were also designed to1A, inset). Monitoring the peak as a function of temperature
model only the portion of the sequence C-terminal to the using our standard conditions (see Materials and Methods)
mutation site: MBL 54-61, GTKGEKGEO(GPQJY and indicated a sharp thermal transition, withTg near 18°C
MBL 57—-61, GEKGEO(GPQJGY (Table 1). for MBL 45—61 andT, of 23 °C for MBL 42—61 (Figure

CD SpectroscopyThermal Stability and Conformation  1A; Table 1). The N- and C-terminal blocking and the
Circular dichroism spectroscopy was used to characterize theincreased length of MBL 4261 are likely to be the reasons
conformation and thermal stability of the MBL model for its greater thermal stability3Q). At pH 3, the thermal
peptides. The parent peptides MBL-461 and MBL 42- stability of both peptides was markedly decreased; for MBL
61 both gave a characteristic triple-helix CD spectrum at low 45—61, only the end of a thermal transition could be
temperature, pH 7, with a maximum near 224 nm (Figure observed near low temperatures, andThovalue could be

w L3
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measured (Table 1). The loss of stability at low pH suggests
a role for the electrostatic interactions in triple-helix forma-
tion of this highly charged sequence.

The peptides containing the Gty Asp replacement (MBL
45-61[G10D] and MBL 42-61[G13D]) also showed a
collagen-like CD spectrum, but the mean residue ellipticity
of the maximum dropped by about 30% as compared to the
wild-type peptide (Figure 1A, inset). ThHi, values for the
mutant peptides in PBS, pH 7, decreased onlyQ as
compared with the parent peptides (Figure 1A; Table 1). At
pH 3, no triple-helix signal was observed. The small drop
in the T, value as a consequence of introducing the Gly
Asp replacement was surprising, given the high destabiliza-
tion ranking of Asp as a Gly replacemeg8] and the large
destabilization previously reported for Gly substitutions in
Ol peptides of similar desigr2b).

Since both MBL 45-61 and MBL 42-61 peptides showed
similar effects of the Gly54Asp replacement, further CD,
NMR, and calorimetry studies focused on MBL 461,

which has a length and design homologous to peptides usec

to characterize Gly replacements in collage2?, (25).
Equilibrium thermal transitions for MBL 4561 yielded
lower values than our standard melting conditiohgs= 11

°C for the parent peptide antl, = 9 °C for the mutant
peptide (data not shown). This confirmed that the small drop
in thermal stability due to the Gly replacement in MBL
peptides is not a result of nonequilibrium conditions.

The thermal stabilities at our standard conditions (pH 7)
for two shorter peptides containing only the sequence
C-terminal to the mutation site, including or excluding
residues 5456, were also studied. Both MBL 561 (23-
mer), which contained the GTK triplet where the mutation
is located, and MBL 5761 (20-mer), which lacks the GTK
triplet, formed stable triple-helices, wiff, values of 18.5
and 11.1°C, respectively (Figure 1B; Table 1). These
peptides were unblocked at the C-terminus, like MBt£45
61, but blocked at the N-terminus, to model the fact that
there are extra sequences rather than the charged termin
amino group in the MBL 4561 model peptides. The parent
(Gly—X—=Y)1o peptide MBL 45-61 has a stability very
similar to that of the shorter (GtyX —Y) peptide MBL 54-

61, suggesting that the N-terminal triplets are not contributing
to the stability. The full-length mutant peptide, MBL 45
61[G10D], has &, of 15.9°C, between the values seen for
the MBL 54-61 and MBL 5761 peptides (Table 1). These
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Ficure 2: {*H—1N} HSQC spectra obtained afQ for (A) MBL
45-61 and (B) MBL 45-61[G10D]. The peaks corresponding to
the monomer or trimer state are denoted with a superscript M or
, respectively. The two peptides were synthesized ithlabeled

B.0

a;[ositions at Gly7 and Gly25.

confirming the assignments and supporting the presence of
a triple-helical conformation at both ends of the peptide. The
intensity of the Gly7 trimer peak is weak relative to that of
the Gly25 trimer peak. The Gly7 trimer peak also has an
abnormally downfield chemical shift as compared with trimer
peaks in other triple-helical peptidexl}, which could relate

results both suggest the sequences N-terminal to residue 54o its highly charged sequence environment. At acid pH, the

are not contributing to the stability in the parent peptide or
the homologous mutant peptide.

NMR SpectroscopyConformation Dynamics, and Ag-
gregation NMR studies were carried out on peptides MBL
45-61 and MBL 45-61[G10D] with **N-labeled residues
at positions Gly7 and Gly25. THEH—°N} HSQC spectrum
of MBL 45—61 gave Gly7 and Gly25 trimer peaks that
disappeared at temperatures higher thanTtheMonomer
peaks for Gly7 and Gly25 were present at both high and
low temperatures (Figure 2). The monomer and trimer

intensity of the Gly25 trimer peaks drops by a factor of 2,
while the trimer peak of Gly7 is not observed. Both Gly7
and Gly25 monomer peaks have multiple resonances because
of cis/trans isomerization and have I& and NOE values
as expected for disordered chains.

In the HSQC spectrum of peptide MBL 4%1[G10D] at
low temperature, no trimer peak was observed for Gly7. In
contrast, the trimer peak seen for Gly25 has chemical shift,
N R,, and NOE values very close to those in MBL-45
61. The results suggest that the introduction of a Gly to Asp

resonance peaks of Gly25 had chemical shifts nearly identicalmutation at position 10 leads to a partially triple-helical

to those reported previously for Gly25 in a well-characterized
peptide of similar design (peptide T1-893)1( 32). A broad
trimer peak with indications of multiple components was
assigned to the Gly7 residue. Trimer peaks of both Gly25
and Gly7 have highR, values and high NOE values,

conformation, with a rigid triple-helix retained at the
C-terminal Gly-Pro—Hyp region and a monomer-like state
at the N-terminal sequence.

The trimer!>N R, values for both MBL 4561 (29.51+
1.49 for Gly7 and 25.8% 0.47 for Gly25) and MBL 45
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T(°C)

Ficure 3: Temperature dependence of the excess partial molar heat
capacity (heating rate AC/min), showing MBL 45-61 (@), MBL
45-61[G10D] ©), MBL 54—61 (0), and MBL 5761 (v).
Although these are not equilibrium conditions, the enthalpy has
been shown for a similar peptide to be heating rate independent
(26).

61[G10D] (25.26+ 0.60 for Gly25) are significantly higher
than the trimer values in peptide ¥892 (19.29+ 0.42 for

Gly 25), which has the same length and is characterized to
be triple-helical 82, 33). Since!®N R; values are governed
by size, shape, and local flexibility, a higher value suggests

GFPGNPGEPSGESPEPEGOEGLPG
GEOGTPGIPGIFGE HGDEG
SHMVGPRGSPGTPGLPGLE

PPGNPGLE G
SKVGFAGPPGNPGSEGATGPEGIRG
GEAGPOGLEGEVEPQGEEGOEGERG

CS3FGLN SEPGRGLEGI
Chicken CSAFAVNGLPGRDGRDGPEGEKGDFGEGLREGI

B

4 stability

GINGFOGKDGR

putative oligomerization domain

the possibility of aggregation, which is supported by the
decreasedR; values seen for Gly25 and Gly7 trimers after
the dilution of MBL 45-61.

Calorimetric StudiesDifferential scanning calorimetry was
carried out on peptides MBL 4551, MBL 45-61[G10D],
MBL 54—61, and MBL 5761. The apparent, values are

Ficure 4: (A) Multiple sequence alignment of the MBL collag-
enous domain, showing acidic residues in blue, basic residues in
red, and hydrophobic residues in green. Higher conservation is
clearly seen N-terminal to the GQG interruption. (B) Schematic
diagram of MBL and the N-terminal region of the triple-helix
modeled in these studies, illustrating the discontinuity in triple-

higher than those obtained by CD because of the higher scarhelix stability at the location of the common Gly54Asp mutation

rate (1°C/min) utilized in DSC and the nonequilibrium state.
However, the pattern of the appardit values is the same

as that seen by CD (Figure 3). The calorimetric enthalpy is
the same within experimental error for the wild-type MBL
45—-61 peptide AH = 145 kJ/mol) and the mutant peptide
MBL 45—-61[G10D] AH = 141 kJ/mol). Since the NMR
data show that the residues N-terminal to the G10D replace-
ment site are not triple-helical in the mutant peptide, the
similarity in enthalpy values suggests that in the wild-type
peptide, little contribution is made to the enthalpy by the
N-terminal residues of the peptide (Table 1). The enthalpy
of the peptide with the C-terminal 7 triplets, MBL 561,

is AH = 191 kJ/mol, higher than that seen for the full length
peptide MBL 45-61. This is consistent with the low
contribution of the missing N-terminal sequence and even
suggests that a more favorable hydrogen bonding network
is established when this unstable region is completely absent
The enthalpy for the shortest peptide, with the C-terminal 6
triplets, MBL 5761, isAH = 134 kJ/mol, showing the high
enthalpic effect of excluding the GTK tripeptide sequence
(a drop fromAH = 191 kJ/mol toAH = 134 kJ/ mol).

DISCUSSION

Studies on MBL model peptides have increased our

site.

and calorimetric data suggest that the small drofirs a
consequence of the highly stable triple-helix C-terminal to
the mutation site and the very unstable triple-helix N-terminal
to the mutation site. On the basis of heguest peptidd,
values, one can assign a relative triple-helix propensity value
for each Gly-X-Y tripeptide (7, 34) and values for
interactions between adjacent GI}—Y units (35), which

can be used to predict the stability of a given sequence.
Looking within the sequence, the MBL region flanking the
mutation site on the N-terminal side (GINGFOGKDGRD)
consists of residues that give a large net loss of stability as
compared to GlyPro—Hyp (GIN, —24.5°C; GFO, —14

°C; GKD, —12°C; GRD,—13°C). For the region C-terminal

to the mutation site, GTKGEKGEO, the individual tripeptide
sequences are still unfavorable (GTK21.6 °C; GEK,
'—12.3°C; GEO, —4.4 °C as compared to GPO), but the
presence of KGE sequences is highly favorable, adding a
stability of 15.4°C in the context of a GPKGEO sequence
(35). If the stabilizing effect of KGE sequences is ignored,
the MBL 45-61 peptide is not predicted to form a stable
triple-helix. The importance of electrostatic interactions is
confirmed by the destabilization seen at acid pH and by the
conservation of KGEKGE/D sequences in MBL across

understanding of the factors leading to the loss in triple- species (Figure 4A). However, the consideration of the
helix stability as a consequence of a Gly substitution. In the KGEKGE sequence as being equal to two isolated KGE
MBL peptide, the introduction of the Gly to Asp substitution sequences leads to an overestimate of peptide stability (Table
leads to loss of triple-helix N-terminal to the substitution 2), suggesting strings of such sequences are not simply
site, but with only a very small drop in stability (Z). CD additive. Calculations using only the sequence C-terminal
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Table 2: Experimental and Predictég Values for Different Collagen-Like Peptides with and without Gly Replacements

obs.T, parent peptide peptide with mutation

peptide sequence (°Cy  pred.Tm(°C)* pred.T, C-terminal ¢C)°

MBL 45—-61 NH-GFOGKDGROGTKGEKG EOGPOGPOGPOGPOGY-COOH 17.9 27.0

MBL 45—61[G10D] NH-GFOGKDGRIDTKGEKG EOGPOGPOGPOGPOGY-COOH 15.9 11.9-16.7
T7-203F Ac-GLAGEOGKOGIOGLOGRA GPOGPOGPOGPOGV-CONH 254 233

T7-2031[G1 3K Ac-GLAGEOGKOGIORLOGRA GPOGPOGPOGPOGV-CONH <0 <0

T1-892 AC-GPAGPAGP\(_SPAGARGPAG POGPOGPOGPO-COMNH 275 28.2

T1-892[G10 S] Ac-GPAGPAGP\SPAGARGPAG POGPOGPOGPO-CONH 16 6.7-15.1
T1-904 Ac-GARGPAGP@PRGDKGET GPOGPOGPOGPO-CONH 30.8 38.9

T1-904[G10 S] Ac-GARGPAGP@EPRGDKGET GPOGPOGPOGPO-CONH 8.9 6.4-20.1

a Experimentall, values were obtained from temperature-induced denaturation monitored by CD at either 224 or 225 nm. Peptides were equilibrated
for at least 48 h at low temperatures in PBS buffer, pH 7. Thermal transitions were recorded under our standard c8iRtitiotions are based
on a host-guest system7( 34) taking into account electrostatic interactio®®) ¢ PredictedT, C-terminal applies the prediction methods for the
host-guest system to only those triplets that are C-terminal to the mutation site. Calculations are done both excluding and including the actual
triplet which contains the mutation with the value always coming out higher when the)GHy triplet including the mutation is considered. Both
values are given for each mutant peptide, as a rafigezalue excluding triplet with mutation T, value of C-terminal sequence including triplet
with mutation.? Using only the stability contributions of individual GiX—Y tripeptide units, the calculated thermal stabilityi8.8°C, predicting
peptide MBL 45-62 would not form a stable triple-helix. Adding 1834for each KGE sequence (Persikov et al., 2004), the prediGiedilue is
27.0°C, which is higher than the observed 17®value, suggesting that the contribution of a KGEKGE sequence is less than the sum of two
independent KGE unit$.Mohs, A., and Brodsky, B., unpublished data. The sequence was designed to model the region in the type VIl collagen
surrounding a Gly to Arg mutation site at position 2043 that leads to the dystrophic form of epidermolysis Hi0jos&é&f 25.

to the mutation site give a predictdg, consistent with that  helical region of MBL: the presence of a highly stable
observed for the mutant peptide MBL[G10D] (Table 2). The KGEKGE triple-helix adjacent to a much less stable triple-
Tm value of 15.9°C observed for the MBL 4561 mutant  helix, which may have imperfect hydrogen bonding making
peptide is between the observedvalue of 11.9°C forthe  jittle enthalpic contributions. This triple-helix region N-

6 C-terminal Gly-X—Y units (MBL 57-61), and the  terminal to the kink, together with the adjacent Cys-rich
observedrr, value of 16.7°C for the 7 C-terminal tripeptide  4omain, is known to have a critical role in determining the
Gly=X—=Y units (MBL 54-61), suggesting that part of the  go¢ aqsqciation of MBL trimers into higher order oligomers
GTK trlpepude unit may stlfoein trlple.-hellcal.form b (12, 13). In the native MBL, it is likely that constraints from

supporting the involvement of a KGE interaction for the the Cys-rich N-terminus support the triple-helix nature of

lysine in this triplet. . . ) -
ysine in this triplet the N-terminal domain, but the inherent low stability of the

The method of predicting the observég of the native . . ) . . : .
MBL peptide and the MBL peptide with a mutation suggests tripeptide units on the N-terminus of the triple-helix domain

that it may be possible to use a similar approach to other My Play a role in the oligomerization process. Studies on
triple-helical peptides with Gly replacements. It has proven the collagen triple-helix have indicated that microunfolding
difficult to obtain a consistent interpretation for the effect is essential for self-assembly of collagen molecules in fibril
of Gly replacements in peptides modeling Ol and other formation @6, 37), and low triple-helix stability seems to
collagen diseases, even though these peptides follow abe a requirement for ligand binding by triple-helix domains
common design (GXYGPO), with the Gly mutation in many cases38—41). The low triple-helix propensity of
introduced in the fourth Gly from the N-terminu®5 31). the GINGFOGKDGRD sequence, together with its highly
For instance, the introduction of a Gly to Ser replacement conserved hydrophobic and charged nature, make this
in peptide T892 results in an 11C drop in theTy value,  sequence a strong candidate for a role in MBL oligomer-
while a Gly to Ser replacement in peptide+304 of similar ization (Figure 4).

design leads to a decrease in Thevalue of 22°C (25). At

one extreme, there are cases where a peptide cannot form a The studies presented here suggest that the expected highly
triple-helix following the introduction of a Gly replacement disruptive effect of a Gly— Asp substitution on a triple-
(e.g., peptide T#2031, Table 2), and on the other end of helix, as observed for simple model peptid@8)( may be

the spectrum is the case of MBL 461 reported here, where  modulated by its occurrence at the boundary between a
the Gly to Asp replacement causes only a very small decreaseyighly stable and a weak triple-helix region (Figure 4B). The
in stability. Applying a sequence-stability analysis described jniroduction of a Gly— Asp mutation at this discontinuity
preV|o'ust. for MBL peptides to pep'udes.mo'delmg Ol could result in further disordering of the already unstable
mutations in type | collagen and DEB mutation in type VIl triple-helix at the N-terminus, impairing its ability to self-

collagen helps explain the drop in stability caused by_ a Gly associate but with little effect on the overall stability of the
replacement (Table 2). This supports the concept that in these lecule. This hvoothesis i istent with the ob i
peptides with a Gly mutation and a disordered region molecule. This NypOINEsIs IS consistent wi € observation

N-terminal to the mutation, it is the sequence and length of &t recombinant mutant MBL appears to form a triple-helix

residues C-terminal to the mutation site that determine the With @n enthalpy similar to that of the native state, but a
triple-helix stability. somewhat reduced stability, and that oligomerization is

The current peptide studies complement other investiga- impaired (6, 19-21). Other stability junctions along the
tions on the oligomerization of MBL and its interactions with triple-helix, such as that seen at the collagenase cleavage
MASPs @, 16, 19—21). The studies reported here suggest a site in fibrillar collagens 41), could have implications for
previously unrecognized feature of the N-terminal triple- biological function.
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