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Abstract: This is the second in a set of two articles where we describe our newly developed
scheme to predict conformations of complex oligosaccharides in solution. We apply our fast
sugar conformation prediction tool to the case of two complex human milk oligosaccharides
LNF-1 and LND-1. As described in detail in the first paper, our protocol initially delivers a set of
“unigque structures” corresponding to important minima on the potential-energy landscape of a
complex sugar using an implicit solvent model. The nuclear Overhauser effect ranking of
individual conformations provides a suitable way for comparison with available experiments.
The structures obtained agree well with earlier computational predictions but are obtained at a
significantly lower computational cost. Sugar conformations corresponding to stable energy
minima not found by earlier molecular dynamics studies were also detected using our
methodology. In order to evaluate the effects of explicit solvation and thermal fluctuations on
several different predicted conformers, we also performed short-time molecular dynamics
simulations in an explicit solvent.

1. Introduction Overhauser effect (NOE) data may be dominated by a single
Oligosaccharides; polysaccharides; and their glycoconjugatesconformation corresponding with a structure that is thermally
glycoproteins, and glycolipids play a very important role in fluctuating around a single minimum, or with an ensemble
biological phenomena such as ceetell interaction, inflam- average over several different conformations when these are
matory processes, immunity, and fertilizattthConforma- close in free energ$® Even though conformations may be
tional studies are crucial to understand biological function. close in free energy, they are not necesarily structurally close.
In most cases, the determination of an oligosaccharide’sDue to experimental challenges in working with sugars,
conformation involves the characterizing of the-y gly- computational methods have become important tools to
cosidic linkages between monosaccharide residues. Glyco-understand or predict the conformations of oligosaccharides
sidic linkages of oligosaccharides can usually be quite and glycoconjugates in various environmetftst®

flexible 3 Such erxibiIi_ty creates.di.fficylty on crystallizqtion Different computational methods to perform a conforma-
and results in _conS|derabIe. limitatidrtswhen applying tion analysis of oligosaccharides in vaé8é°21have been
standard experimental techniques such as crystallography,on6sed. Some of these are based on relaxed or adiabatic

Martin-Pastor and Busfi pointed out that the internal 1,4 in potential-energy surfaces for disacchadti@gthers
rkr'wotlo.ns hOf ;)Illgosapcharldes might bel classified into WO 1 ased on the CICADA method combined with simulated
inds: the fluctuation around a single energy minimum annealing to travel through conformational sp#ceé’ Monte

(conformation) on the order of ¥%0° and the interconver- Carlo method& and genetic algorithr#6 have also been

tion between distinct energy minima. Depending on the free- used. Our methodology described in the first paper is fully

energy difference between conformers, experimental nuCIearautomatic; it works on almost any oligosaccharide; it is based

on a ring perception algorithm that automatically detects

* Corresponding author e-mail: claudio-margulis@uiowa.edu.

t University of lowa. rotable dihedrals, a systematic coupled dihedral space search
 University of Copenhagen. for the whole oligosaccharide, and the use of a substructure
8 Equal contributions. matching algorithm that recognizes a branch within a
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complex sugar when that branch has already been studieg3-p-Glcp] and LND-1 p-L-Fucp-(1—2)-3-b-Galp-(1—3)-
and stored in a database. The methodology is first applied[o-L-Fuc-(2—4)]-5-b-GlcpNAc-(1—3)-4-p-Gal-(1—4)-3-p-
to find regions within the complex oligosaccharide dihedral Glcp]. In a recent papéf,Almond et al. investigated these
space that are sterically allowed. Subsequently, minimizationstwo oligosaccharides by NMR and long (50 ns) molecular
are performed and structures are pooled into what we havedynamics simulations in explicit water. The conclusions from
defined in the first paper as “unique structures”. These uniquetheir very interesting work were that these oligosaccharides
structures can be sorted on the basis of different criteria suchpossess relatively ordered structures (i.e., they fold). The
as their root-mean-square deviation against experimentalauthors also showed that the oligosaccharides can be easily
NOEs, their energies in implicit solvent, or any other desired trapped in the “wrong” free-energy minima for times as long
criteria. as 50 ns, if initial structures were “incorrectly” selected.
Even though the idea of a systematic search over dihedralThese wrong initial conditions produced trajectories that
space for a complex oligosaccharide may appear to be anyielded incorrect NOEs. This fundamentally important result
exponentially untractable problem for which Monte Carlo emphasizes the need to have a fast systematic way of
or other techniques could be more applicable, our experiencegenerating all relevant sugar conformers a priori without the
is that, for biologically interesting sugars which are not linear, need to rely on MD for sampling. In this paper, we will show
crowding severely limits the number of available conforma- that our method can accomplish this in a very efficient
tions as the sugar becomes larger. At the same time, sincgnanner. These conformers can be used to quickly predict
dihedral angle motion becomes coupled, free-energy barrierswhich structure is closest to the correct experimental NOE
to rotation appear to be larger and transitions between certainand also to generate a family of initial structures that can be
conformations become rare events on the typical length of afurther tested via MD or other methods of choice.
molecular dynamics (MD) or Monte Carlo si'mulation. Inthis 5 gimulation Methods
work, we will show that the number of “unique structures”
obtained for our larger sugar is smaller than that for the one
with Iess_ monos_acchande units. It turns out th_at OUr charides. The scanning increment for each linkage was 10
systematic sampling of the whole fully coupled dihedral

h f | i haride with si h In order to reduce the number of conformations studied,
phase space for a complex oligosaccharide wit sSizeon Mestructures have been pooled so that four adjacent points on
order of seven units can be easily performed within a few

h | h_if further inf on is desired ab ¢ and four adjacent points ap are converted into a single
ours. fn our approach, | “urt. er information ,',S esired about geometry-averaged point. This was done for each glycosidic
particular structures, our “unique structures

; . ) ) can be used aslinkage. The first dihedral angle of the longest side chain
sensible starting conformations for MD in solution. Further- (NAc group) was also rotated with increments of 60

more, if part of the sugar in question has previously been As described in the first paper, an energy minimization
studied a_nd stored in_our datab_ase, only those SaV(':‘dfor each allowed conformation was carried out using the
conformations and not the whole dihedral space need to besoftware TINKER 3L with the MM3 force field? and the

searched v_vheq fur’Fher comp_lexity is added t_o the mOIeCUIe'generalized Born suface area (GBSA) implicit solvent
The situation is different with other techniques such as model333¢For a comparison test, we also performed energy

molecular dynamics_and Monte Carlo simulations in explicit minimization using GROMACE 3with the OPLS-AA force
splvent_. Our experience has been that even the IOrlges‘tl‘ield37 in the gas phase. CPU times for a full conformational
simulations currently available for complex oligosaccharides search and energy minimizations were less than a day on a
(on the order of 50 ns) only visit basins that are close to the single-processor (intel Pentium 4 CPU, 2.80 GHz) computer.
initial MD conformation of the sugar. This is mainly because, 55 \iolecular Dynamics Simulatior;.After scoring the
in the case of branched sugars, torsions are strongly coupledg; ,~tures obtained on the basis of a comparison between
particularly when the branching occurs on adjacent "nkages'experimental and computationally obtained NOEs (see sec-
I this paper, we test our tool by predicting the conforma- oy 2.3), short MD simulations on the order of 5 ns were
tions of complex oligosaccharides present in human milk. carried out for selected structures. This was done in order
Our choice is based on the fact that these have beeng test the stability of these structures in the presence of an
extensively studied via experimental NOEs and MD. explicit solvent and in order to get better solvent-averaged
Hundreds of lactose-derived oligosaccarides exist in humanNOEs. MD simulations were carried out using the software
milk. These oligosaccharides are the third largest componentGROMACS® with the OPLS-AA force field” In each case,
in milk and are thought to provide mechanisms of breast- the simulation box was 5 nm 5 nm x 5 nm and the simple
feeding protection for infants against enteric pathogéns. point charge (SP@jwater model was used to model water
Although conformational studies have been performed for explicitely. Simulations were carried out under periodic
several human milk oligosaccharides on the basis of NOEs,boundary conditions. Constant pressure, temperature, and

J coupling, residual dipolar couplings, and molecular dynam- number of particles (NPT) simulations were carried ouUF at
ics simulationg;*>282%more work remains to be done to fully = 300 K andP = 1 atm. The NoseHoover thermostat4°

determine the conformations that these oligosaccharides carand the Berendsen pressure coupling schémere used
take in solution and which of these are relevant to their for this purpose. A time step of 0.001 ps was used for
biological function. integration.

Our results are for oligosaccharides LNF-d--Fucp- 2.3. Nuclear Overhauser Enhancementin the first
(1—2)-4-p-Galp-(+—3)-5-D-GlcpNAc-(1—3)-5-p-Gal-(1—4)- paper, we showed that sorting structures according to their

2.1. Coarse-Graining Systematic SearchWe performed
conformational searches for the LNF-1 and LND-1 oligosac-
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Figure 1. Distributions of all —1 pairs from 1108 unique conformations of LNF-1 with the MM3 force field and 7030 with the
OPLS-AA force field. Clearly, the distribution for each linkage is clustered around several important regions. The circled regions
are those found in ref 15 by extensive 50 ns molecular dynamics simulations using the CHARMm#4 force field and the explicit
TIP3P*> water model. As it is clear from this picture, our method captures many more allowed regions than the MD simulations.
MD is not able to visit most of these structures because transitions between these are rare events on a nhanosecond time scale.
In our database, we have linked information about these regions, a vector in 2n dimensional space (here, nis the number of
dihedral linkages and rotable side chains).

energies in implicit solvent or free energies computed using other. This would correspond to the case in which the sugar
a harmonic approximation does not necesarily yield the most does not have a well-defined fold and its structure is more
likely conformations in solution. This is because of the effect consistent with a random configuration. This does not appear
of entropy, anharmonicity, and explicit solvation on the free- to be the case for the sugars studied in this articiuch a
energy landscape. On the other hand, a good estimatorcase would be of little interest from a sugar-folding prediction
appears to be perspective. As we will demonstrate later in this manuscript,
our prediction method using this structure-sorting scheme
agrees well with very expensive MD simulations previously
published® when these are started from the proper initial
1) conditions. In order to obtain better thermal averages, once
relevant conformations are identified, short MD simulations
Whereai is our calculated NOE value for tht&n proton pair in eXpliCil‘ solvent can be used to refine the NOE results
and oo is the corresponding experiment value, and the obtained from individual configurations.
summation is over all availabld experimental NOEs. This Extensive literature is available on the nuclear Overhauser
estimator could fail in the case in which several local free- enhancements of oligosaccharides or glycoconjugates in
energy minima are within a small fraction of KT from each solution; see, for example, refs 4 and 5. In order to create
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Figure 2. Distributions of all ¢—y pairs from 989 “unique conformations” of LND-1 using the MM3 force field and 5220
conformations obtained from minimization using the OPLS-AA force field. The distribution of important regions is similar to that
previously found for LNF-1 shown in Figure 1. The circled regions are those sampled by the 50 ns MD simulations in ref 15. Link
2 has a smaller allowed dihedral space than in the case of LNF-1 because of hindrance due to the presence of link 3.

our root-mean-square deviation sorting scheme, we havehave chosem\y < 50° and A¢ < 50°. Even though the
coded the model-free approdéffinto our tool. NOEs from grid may seem too coarse in this case; 8)a reasonable
selected initial conditions obtained from MD time averages number since it is compatible with the size of our energy
were also computed according to the scheme of Cummingbasins at thermal conditions. We know this from the time

and Carveg?® evolution ofgp—1 for each linkage in our molecular dynamics
simulations. Nonetheless, we have used the finer grid since
3. Results and Discussions the algorithm was fast enough that all minimizations could

3.1. Coarse-Graining Grid Search\We applied our method  be carried out on a single PC in less than a day.
to determine the possible conformations of LNF-1 and The insert graphs in Figure 1 show the distributions of all
LND-1 human milk sugars in solution. Detailed chemical ¢—1 pairs of unique conformations for LNF-1 using the
structures of these molecules are shown in Figures 1 and 2MM3 force field and the GBSA implicit solvent model as
These two fucosylated oligosaccharides have similar struc-well as the OPLS-AA force field in the gas phase. As
tures. LND-1 has an additionad-L.-Fuc connected to  mentioned before, these structures are sterically allowed and
GIcNAc. energy-minimized. It is obvious from this figure that they
3.1.1. LNF-1 Milk Sugar.Dihedral space search and distribution for each linkage is clustered into several different
structure pooling resulted in 24 041 allowed conformations important regions. In particular, the circled regions are those
for LNF-1. After energy minimization, only 1108 of these previously reported by Almond et &l from one of their two
were defined by the program as “unique conformations”. We very long 50 ns molecular dynamics simulations which
have chosen the criteriaE < 5.0 kcal/mol, Ay < 10°, and matched the correct experimental NOE values. Clearly, our
A¢ < 10° to define a “unique conformation”. According to  exhaustive search generated a much larger pool of allowed
our experience, the number of unique conformations could conformational regions. Another interesting feature of these
have been reduced ever further to less than 100 if we would plots is that both MM3 in implicit solvent and OPLS-AA in
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Table 1. Potential Energy Differences (kcal/mol) of Four Selected Unique Structures of LNF-1 from Figure 12

conformation link 1 link 2 link 3 link 4 AE (GR) AE (TK)
conf. 1 (11.0, 26.4) (165.7, 11.3) (23.9, 56.2) (—177.9, -3.1) 0.0 0.0
conf. 2 (24.1, 22.7) (455,55) (28.3, —53.7) (41.8,4.6) 5.96 4.33
conf. 3 (4.1, —27.6) (46.6, 169.5) (25.0, —55.6) (—13.3, —37.4) 6.51 4.864
conf. 4 (65.9,73.1) (54.7,1255) (15.5, 34.2) (17.4, —178.4) 11.15 8.563

2 TK corresponds to energies calculated from TINKER using the MM3 force field and the implicit GBSA solvent model, and GR corresponds
to calculations using GROMACS with OPLS-AA in the gas phase. The underlined pairs of angles are not within the circled regions corresponding
to best NOE values shown in Figure 1. Only conf. 2 has all linkages within the circled regions.

Table 2. Comparison of NOEs Computed for Different Proton Pairs in Each of Our Selected Conformers of LNF-1 against
Experimental and MD Values

NOE calculated

conf. 1 conf. 2 conf. 3 conf. 4

proton pairs exp.1® MD15 ind. MD ind. MD ind. MD ind. MD
F1 H2 F1H1 55 6.9 10.5 13.6 10.9 14.0 10.6 14.0 13.7 14.4
F1 H5 F1H1 0.6 0.4 0.5 0.5 0.5 0.5 0.6 0.5 0.4 0.5
F1 H3 F1 H5 4.9 6.5 5.4 4.0 4.8 3.9 5.4 4.2 5.6 4.0
F1H4 F1 H5 5.8 7.5 7.9 6.7 7.4 6.8 7.7 7.0 8.4 6.9
1H5 1H1 6.2 6.8 6.1 9.7 7.7 9.8 6.3 9.5 9.4 9.9
1H2 1H1 25 1.8 1.5 2.6 2.3 2.7 1.8 2.5 2.1 2.7
1H3 1H1 5.7 5.0 4.4 51 6.6 51 4.8 5.6 51 5.2
1 H4 1 H5 5.8 7.2 7.9 7.6 8.6 7.5 8.2 7.3 7.9 7.4
2H2 2H1 2.2 1.8 4.2 2.6 2.6 25 2.1 2.0 3.9 2.6
2 H3 2 H1 7.0 2.1 54 4.0 3.8 3.9 8.0 6.0 5.7 4.1
2H5 2H1 7.7 9.9 11.3 10.4 9.1 10.5 9.3 9.8 11.6 11.3
4 H3 4 H1 3.0 4.0 7.3 4.3 6.9 4.1 59 4.3 4.1 3.7
4 H5 4 H1 7.8 6.4 9.7 11.0 10.6 11.1 10.8 11.0 7.2 10.5
1H2 F1H1 6.8 5.8 11.2 9.0 19.9 9.0 19.2 10.8 —-0.4 9.9
1H3 F1 H1 0.5 0.7 -1.0 0.9 -14 0.9 -0.2 0.6 6.0 0.6
1H2 F1 H5 1.3 2.4 0.1 2.2 0.6 2.3 0.1 1.7 11.4 2.1
2H2 F1 H5 6.8 4.7 0.1 9.8 7.0 10.0 0.0 0.0 0.2 8.8
2H4 F1 H5 0.6 25 0.1 0.0 -0.3 0.0 0.2 0.1 0.3 0.2
2H3 1H1 5.7 5.6 0.5 7.8 9.2 7.9 0.3 0.5 7.9 8.1
3H1 2H1 0.4 0.3 -0.2 -0.3 —-04 -0.2 —-0.5 -0.3 -0.3 -0.3
3 H3 2 H1 11.5 9.8 6.1 7.2 10.5 7.2 115 8.5 13.5 7.5
3H4 2H1 0.8 11 —-04 -0.2 3.6 0.0 5.2 0.3 -0.9 -0.3
3H3 2H5 0.5 0.9 -0.2 -0.3 -0.8 —-04 -0.9 —0.6 -0.7 -0.3
4 H4 3 H1 11.0 11.3 0.4 0.6 13.7 11.7 11.9 11.6 0.4 8.6

RMSD 0.74 1.41 0.78 1.01 0.74 1.50 0.77 2.89 0.73
RMSD rank 2 4 1 2 3 3 4 1

a2 The columns labeled “MD*” and “exp.'®” correspond to NOEs from the MD simulations and experimental measurements of Almond and
co-workers in ref 15. The subcolumn labeled “ind.” represents NOEs calculated from a single individual conformer, and that labeled “MD”
corresponds to our time-averaged NOEs computed from short 5 ns MD trajectories using as starting conditions conformer 1, 2, 3, or 4.

the gas phase appear to produce similar sugar conformations. 200 " link 4
We suspect this is generally true for all available force fields 150
even though relative energies in each case may be different. 100

These energetic differences which we have observed with
different force fields and ab initio calculations do not
significantly affect our results since, as we have shown in o0
the first paper, the energy ranking in implicit solvent does -50
not generally coincide with the ranking of free-energy -100
minima in solution, which is what determines the corre-
sponding NOE values. Almond and co-workers’ important
study sheds IlghF on_the fa_lct that even dL_mng very long 200200 150 100 50 0 50 100 150 200
molecular dynamics simulations the full configuration space ®

is not readily visited. This is clear from the fact that their

two trajectories produced significantly different NOE values. Figure 3. Distributions of all $— pairs from the 20 confor-
Only one of them being close to the correct experimental Mations of LNF-1 ranked with smallest RMSD from experi-
value. The reason for this is that, in the case of complex mentgl NOE v_alues_,. Mpst conformations are located within
branched oligosaccharides, typical molecular dynamics time 1€ circled regions in Figure 1.

scales are not long enough to fully sample this space. Henceijnitial conditions for further sampling with molecular dynam-
our inexpensive a priori identification of conformational ics in explicit solvent without having to rely on the trajectory
regions together with our ranking of structures based on theirto sample configuration space.

RMS deviation with respect to the corresponding experi- Table 1 exhibits the potential energies apey values
mental NOE values provides not only a good way to identify for four selected conformations of LNF-1 from Figure 1.
correct configurations in solution but also a way to generate Configuration 1 is the lowest-energy minimum found by the
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Figure 4. Time evolution of conformation 1 (global energy minimum) of LNF-1 as shown in Table 1 simulated using GROMACS
with the OPLS-AA force field and the SPC explicit water model. Link 2 transfers to the circled region in Figure 1 relatively quickly

(50 ps). In contrast, link 4 stays outside the circled region during our 5 ns run.
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Figure 5. Time evolution of conformation 2 of LNF-1 as shown in Table 1 in explicit water. All linkages fluctuate around the
initial values in the circled regions as shown in Figure 1. Time-averaged NOEs in Table 2 show that this final conformation is a

good candidate for the most likely structure in solution.

algorithm in implicit solvent. Conformation 2 is our candidate The RMSD of its NOE values with respect to experiments
for best structure in solution. For conformer 2, all values of is quite large as shown in Table 2. In contrast, conformation
¢— pairs are located within the circled regions in Figure 2 is selected from Figure 3 and has the best NOE values
1. Conformers in this region have minimal RMS deviation compared to experimentdput its energy in implicit solvent
from the experimental NOE values. Conformations 1, 3, and is much higher AE ~ 5 kcal/mol). This result is consistent

4 have at least one linkage outside of this region. In with our findings in the first paper. The effects of explicit
particular, conformation 1 (our global-energy minimum in solvent and entropy must be taken into account to obtain a
implicit solvent) has two linkages outside the circled regions. good approximation of the free energy of these systems.
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Figure 7. Time evolution of conformation 4 of LNF-1 as shown in Table 1 in explicit water. After the transition of link 4 around
2000 ps, the final conformation is the same as that of conformation 2 in Figure 5.

Conformations 3 and 4 have NOE RMSDs larger than that one or more glycosidic angles closer to the values of
of conformation 2 and were chosen for comparison as initial conformer 2.

conditions for molecular dynamics simulations. We performed relatively short 5 ns MD simulations using
It is clear from Table 2 that conformer 2 is the best the software GROMACS with the OPLS-AA force field’
candidate on the basis of NOEs. It is also clear from the in SPC watet for the four selected conformations in Table
same table that, for all initial conformers, solvent-averaged 1. We are particularly interested in understanding whether
NOEs are closer to the experimental values than thosethe regions that our algorithm singled out as most likely in
resulting from single initial configurations. This is due to solution on the basis of NOE RMSDs are stable during
significant changes in conformation during MD that bring explicit solvent simulations or if structures in these regions
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Table 3. Final Structures from 5 ns MD Simulations with
Explicit Solvent for the Four Unique Conformations in
Tables 1 and 4

LNF-1
link 1 link 2 link 3 link 4

conf.1  (50,25) (50, 0) (50, —50/50) (180, 0)
conf.2  (50,25) (50, 0) (50, —50/50) (50, 0)
conf. 3 (50,25) (50, 180) (50, —50/50) (50, 0)
conf.4  (50,25) (50, 0) (50, —=50/50) (50, 0)

LND-1

link 1 link 2 link 3 link 4 link 5

conf.1 (50, 25) (50, 0) (50, 25) (50, —50/50) (50, 0)
conf.2 (50, 25) (50, 0) (50,25) (50, —50/50) (50, 0)
conf.3 (50, 25) (50,180) (50,180) (50, —50/50) (50, 180)
conf. 4 (50, 25) (50, 0) (50, 25) (50, —50/50) (180, 0)
aThe ¢—1y values are in degrees. For LNF-1, initial conf. 2 and
initial conf. 4 result in identical final conformations; the final conforma-
tions for initial conf. 1 and initial conf. 3 have only one linkage (link 4

Figure 8. Two conformations of LNF-1 that share identical

or link 2) that is different from conf. 2. For LND-1, confs. 1 and 2 link 1, 2, and 4 angles but have different link 3 angles (y =
share identical final conformations after MD. Initial confs. 3 and 4 —50° and y = +50°). Both of these two structures have NOEs
have different final conformations. close to the experimental values for the proton pair (3H3—

- . . e 2H1) considered on each side of linkage 3. This is because
undergo significant configurational modifications. Other . : : :
structures that are also local energy minima but Ossessthe distance in each case between the protons considered is

vcture: . - gy mini . u P Very similar, 2.36 and 2.51 A, respectively.
several linkages outside this selected configuration space

region were studied in order to gauge whether barriers to 200 - - - T -

interconversion were readily crossed. 150 | Eﬂié X

Figures 4-7 show the time evolution of the dihedral angles 100 | oy S
for the four selected conformations in explicit water. Final o lnk5
conformations for these four runs are listed in Table 3. Initial 50T o 1
conformation 2 (Figure 5) has alpfy) values within the S of ™ ‘f
dihedral regions being the best NOE values as compared with 5ol - " |
those of experiments. Throughout our 5 ns simulation, the '
trajectory corresponding to initial conformation 2 does not -100 1
depart from the angular areas circled in Figure 1. It is -150 |
interesting to notice that these areas correspond to two clearly 200 S S S S S R
different conformations that share identical link angles 1, 2, 200 -150 -100 -50 0 50 100 150 200
and 4, but link 3 transitions between = —50° andy = ¢
+50°. Both of these structures have good NOEs for the Figure 9. Distribution of ¢— angle pairs corresponding to
protons considered on each side of linkage 3 sincg at the 20 conformations of LND-1 with smallest NOE RMSD.

—50° andy = +50° the proton distances involved are very Most conformations fall inside the circled regions in Figure 2.
similar as can be appreciated from Figure 8. This is a clear
example that shows how experimental NOEs may correspond
to a linear combination of structures in different local basins
in f an aver ver str res in a single free-ener . . .
§t§ad ofan average over structures in a single free-e €1%%0 ps. Just as in the case of starting structure 2, link 3
minimum. One should therefore be careful when experi- f b — 150° andw = —50°. Th |
mentally assigning a structure simply on the basis of NOE uctuates .etween.p B gn V= - Ihe angles
constraints since these may not correspond to a Sing|ecorrespond|ng to link 4 remain almost constant throughout

structure, but instead to a combination of several different OUr 5 ns simulations and are different from those in
structures. configuration 2. The resulting time-averaged NOEs for

Results from our simulations with configuration 1 (the trajectories with configuration 1 as the initial condition are
global-energy minimum in implicit solvent) as the initial tabulated in Table 2. Since most linkages undergo rotations

condition are shown in Figure 4. In this case, link 2 transfers
to dihedral angles similar to those of configuration 2 within

Table 4. The Potential Energy Differences of Four Sterically Allowed Minimized Structures of LND-1 Selected from Figure 22

conformation link 1 link 2 link 3 link 4 link 5 AE (GR) AE (TK)
conf. 1 (27.6, 20.2) (62.7, 22.1) (72.3, 51.6) (14.9, 38.1) (=175.1, 5.4) 0.0 0.0
conf. 2 (28.4, 20.7) (48.6, 27.2) (51.5, 33.9) (11.7, 37.8) (—5.5, —40.0) 1.62 1.14
conf. 3 (65.9, 64.4) (61.9, —155.8) (18.0, 176.5) (12.4, 39.1) (—175.1, 4.8) 5.14 7.55
conf. 4 (27.9, 20.2) @72,280) (562.9,343) (159.2, —37.7) (—178.3,05) 14.46 8.40

2 Conf. 1 is the global energy minimum in implicit solvent. Conf. 2 has all linkages within the circled regions in Figure 2 and corresponds to
the one with the closest NOE values to experimental values. TK corresponds to energies calculated from Tinker using the MM3 force field and
the implicit GBSA solvent model, and GR corresponds to calculations using GROMACS with OPLS-AA in the gas phase. The underlined pairs
of angles are not within the circled regions corresponding to the best NOE values shown in Figure 2. Only conf. 2 has all linkages within the
circled regions.
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Figure 10. Time evolution of conformation 1 (global energy minimum in implicit solvent) of LND-1 as shown in Table 4 simulated
using GROMACS with the OPLS-AA force field and the explicit SPC water model. Initially, link 5 is outside the circled region in
Figure 2, but it switches into this region after 1000 ps. The small RMSD (Table 5) indicates that this final conformation is a good
candidate for the most likely structure in solution. This structure is the one previously identified by long 50 ns MD simula-
tions.1s

to final configurations analogous to that of structure 2, it is which we use for comparison and benchmarking, makes use
not surprising that the value of the NOE RMSD is much of our substructure recognition algorithm and database. This
smaller than that from initial structure 1. Since link 4 is a approach generates “unique conformations” for LND-1 on
terminal residue and is far from the crowded linkage, it is the basis of a database entry previously stored for the
likely that on a longer time scale it will undergo conforma- conformations of its subfragment LNF-1.
tional changes. The case of conformation 3 is quite different  In the first case, after the coarse-grained grid search, we
from the previous two. After 2 ns, link 1 (Figure 6) shiftsto obtained only 9071 sterically allowed conformations as
the same angles as in conformer 2, but link 2 does not. opposed to the case of LNF-1 (the smaller oligosaccharide)
Therefore, the NOEs corresponding to 2 H3to 1 H1 in Table in which our algorithm found 24 041 structures. This is
2 are quite different from those experimentally observed. In interesting since adding degrees of freedom to the system
the case of conformer 4, after link 4 of Figure 7 undergoes appears to reduce instead of increase the number of accessible
a transformation at around 2 ns, the conformation of the regions in dihedral space. The additional braneh-Fuc in
molecule is identical to that of conformer 2. LND-1 is the cause for this reduction in number of allowed
3.1.2. LND-1 Milk Sugarln order to study LND-1, we  conformations. We expect this to be a general trend in sugars
follow two different approaches. The first one is analogous that are branched, particularly those with adjacent linkages.
to our procedure in the case of LNF-1, and it involves the An extreme case in which torsional degrees of freedom are
search of the whole dihedral space. The second approachreduced to a minimum is that of cyclodextrins. When
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Figure 11. Time evolution of conformation 2 of LND-1 as shown in Table 4 in explicit water. All linkages fluctuate in the circled
regions depicted in Figure 2. The final conformation is the same as that resulting from the MD simulation of conformation 1
(Figure 10).

identical angular and energetic criteria are used as previously We have ranked the LND-1 conformations on the basis
described in the case of LNF-1, energy minimizations using of their energy in implicit solvent and also on the basis of
the MM3 force field and the GBSA implicit solvent model their RMSD with respect to experimental NOEs. Figure 9
produced 989 “unique conformations”. exhibits the distributions of alp—y pairs of the best 20
The set of insert graphs in Figure 2 show the distributions LND-1 conformations on the basis of RMSD. Most confor-
of all —1 pairs corresponding to the 989 unique conforma- mations appear to be located in the regions circled in Figure
tions of LND-1. For comparison, we also show the 5220 2.
minima obtained using OPLS-AA in the gas phase. Itis clear In Table 4, we compare four conformations from Figure
that several energy-minimized regions ¢r-1y space are 2. Just as in the case of LNF-1, we have chosen these four
present in addition to those previously found during MD structures because one is the global-energy minimum in
simulations® (circled regions in Figure 2). Results using implicit solvent; the second one is the structure ranked best
OPLS-AA and MM3 are qualitatively similar. When we on the RMSD scale, while the third and fourth are allowed
compare LND-1 with LNF-1, we notice that in the case of minimum-energy structures that have not been previously
LND-1 the width of certain allowed regions is narrowed due reported computationally but are not in the correct regions
to the presence of the additionatL-Fuc branch. Further-  according to our NOE calculations. Table 4 displays potential-
more, some regions in dihedral space completely dissapeakenergy values and correspondigg iy values.
in the case of LND-1. As an example, the region around Just as in the case of LNF-1, without the need of expensive
(18C, 0°) for link 2 (B-p-Galp-(+—3)-5-b-GlcpNAc) is MD simulations in explicit solvent, a simple NOE ranking
absent in the case of LND-1. based on our exhaustive search algorithm was able to
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Figure 12. Time evolution of LND-1 conformation 3 as shown in Table 4 in explicit water. Links 2, 3, and 5 fluctuate outside the
circled regions in Figure 2. The RMSD with respect to experimental values is large.

efficiently identify the correct regions of configuration space
in which conformation 2 is located. This region coincides
with that proposed by Almond and co-work®rérom one
of their trajectories that was initiated from an appropriate
initial conformation. Our calculation was carried out in less
than 1 day on a single-processor desktop PC.

In order to quantify the advantage of using a rotameric

are available, only the largest one is used in order to build
a model for the new molecule. These models take as starting
points the vectors of dihedral angles stored for the subfrag-
ment and only do full searches on the parts of the molecule
not originally stored as a substructure in the database. All
vectors in the database for that particular substructure are
used as starting points to obtain the full dihedral phase space

substructure database and a substructure matching algorithmfor the new molecule. Every time a new vector from the
we also analyzed LND-1 using LNF-1 as a database entry.subfragment is retrieved, the new molecule is reasembled
When a new sugar is added to the database, our progranby adding the remaining residues and side-chain linkages.

adds an entry with the following information: the residue

names and topology (residue connectivity, chirality of atoms,

etc.) and a unique name for a file in which vectors of allowed

In the case of LND-1, after the conformational search and
database storage for LNF-1 was performed, the search for
LND-1 was carried out by simply adding one residue, which

dihedral conformations are stored representing points in provides a branching point. The CPU time for a full search
dihedal phase space from which the whole oligosaccharideof the dihedral space of LND-1 previously described in this
can be reconstructed. When in search mode, the programpaper was 2665 s. In contrast, it only took 1114 s to search
checks all entries in the database and calls our substructurausing the database.

mapping algorithm in order to determine whether there is

For the LND-1 milk sugar, Figures 3 exhibit the

any molecule in the database that could potentially be a dynamics in explicit solvent of the four initial conformations
substructure of the new molecule. If several substructuresshown in Table 4. All final conformations are displayed in
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Figure 13. Time evolution of dihedral angles in LND-1 conformation 4 (Table 4) in explicit water. Initially, links 4 and 5 are not
within the circled regions in Figure 2. Link 4 transfers into the circled region within a few picoseconds.

Table 3. Similar results to those obtained in the case of cases, dihedral angles fluctuate within the circled regions in
LNF-1 are observed. Only conformation 2 (see Figure 11) Figure 2. The small time-averaged RMSD with respect to
has all initial dihedral angle values within the circled NOE experiments (Table 5) indicates that this conformation is
regions shown in Figure 2. Figure 10 shows that link 5 of indeed a stable structure and the best candidate for solution
conformation 1 (the global-energy minimum in implicit conformation.
solvent) evolves toward the circled region in Figure 2 within  In the case of conformation 3 in Figure 12, links 2, 3, and
1000 ps. This final conformation is the one identified by 5 fluctuate outside the circled regions, and this results in a
Almond and co-workef8 and by our prediction algorithm  large RMSD with respect to experimental values. Figure 13
as being the most likely in solution. As is to be expected, shows that, in the case of conformation 4, link 4 transfers to
the time-averaged RMSD of NOE values is small, as can be the corresponding circled region while link 5 remains outside
appreciated in Table 5. Our time-averaged NOEs appear tothe corresponding circled areas. Because of the small overall
be slightly worse than those in ref 15. This is reasonable deviation of the time-averaged RMSD values (Table 5) with
since their simulations are much longer (50 ns) and their respect to experiments, it is possible that the final conforma-
methodology involves obtaining a time correlation function, tions from this trajectory correspond to actual structures often
while in our case, for economy of time in our prediction visited in solution. This is likely since the only difference
procedure, we simply average over NOE values of individual between these structures and those in the free-energy basin
snapshots alana 5 nstrajectory. corresponding to conformer 2 is the terminal unit far from
Figure 11 shows the results from our MD simulations with the set of crowded linkages. This situation was also observed
initial conditions corresponding to conformation 2 (the in the case of the MD simulation of conformer 1 of
structure a priori predicted to have the best NOESs). In all LNF-1.
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Table 5. Table NOE Values for Different Proton Pairs for the Four Selected Structures of LND-1 from Table 42
NOE calculated

conf. 1 conf. 2 conf. 3 conf. 4

proton pairs exp.1s MD?™® ind. MD ind. MD ind. MD ind. MD
1 H5 1H1 6.1 8.9 6.6 8.4 7.3 8.5 7.0 9.0 7.2 8.5
1H3 1H1 4.1 6.8 5.7 3.8 7.0 3.7 5.3 4.9 6.9 3.9
2H3 2 H1 9.9 5.6 7.4 4.2 6.6 4.2 5.7 54 5.2 4.3
2H5 2H1 13.2 10.3 10.4 8.6 10.6 8.9 7.3 8.0 10.9 9.1
F1 H2 F1 H1 8.8 9.9 9.8 12.6 9.9 12.6 12.9 13.2 9.9 12.4
F1 H3 F1 H5 7.9 9.3 4.7 3.8 4.5 3.8 4.9 3.2 4.6 3.7
F1 H4 F1 H5 10.7 11.0 7.2 6.3 7.1 6.1 7.3 6.2 54 6.3
F2 H2 F2 H1 13.3 12.0 9.0 12.4 9.6 11.9 11.3 11.0 9.6 12.6
F2 H3 F2 H5 8.4 9.3 3.0 3.2 4.0 3.3 5.0 45 4.1 3.2
F2 H4 F2 H5 14.5 11.2 6.8 6.0 6.5 6.0 7.6 6.7 6.5 59
2H3 1H1 4.4 8.9 5.2 6.6 6.8 6.5 0.2 0.4 6.3 6.5
3 H3 2H1 16.5 14.7 115 6.8 12.4 6.5 115 7.9 1.0 5.6
4 H4 3H1 12.7 14.9 0.3 8.9 10.9 10.8 0.3 0.6 0.4 0.6
1 H2 F1 H1 8.5 9.7 11.3 6.7 12.0 6.8 1.8 51 12.1 6.7
2 H2 F1 H5 9.3 10.0 55 10.2 9.2 10.3 0.0 0.1 5.2 10.3
2H4 F1 H5 2.0 15 0.2 0.1 0.2 0.0 0.0 0.0 0.5 0.1
2H3 F2 H1 0.6 0.4 0.3 0.0 0.1 0.0 15.9 14.1 0.1 0.0
2H4 F2 H1 9.8 8.5 0.6 8.4 5.0 8.0 0.3 0.4 4.6 8.1
2H5 F2 H1 1.7 14 1.0 0.2 0.3 0.1 8.1 2.1 0.2 0.2
1H2 F2 H5 8.4 10.3 2.1 7.1 7.8 6.9 0.0 0.0 7.8 6.9
2 H3 F2 H5 11 0.9 0.2 0.5 0.6 0.5 0.0 0.0 0.6 0.5
2H4 F2 H5 2.4 1.9 9.5 1.4 3.3 15 0.5 0.3 3.3 1.4

RMSD 0.33 0.83 0.52 0.48 0.52 5.53 4.83 0.56 0.56
RMSD rank 3 1 1 1 4 4 2 3

a Similar to the case of LNF-1 in Table 2, the global energy minimum in an implicit solvent (conf. 1) does not have the best NOE values. Conf.
2 has the best NOEs but is ranked higher on an implicit solvent potential-energy scale. Except in the case of conf. 2, MD-averaged NOEs
appear to be closer to experimental data.

By comparing each linkage of the best solution conforma- carefully chosen. This is because in a complex oligosaccha-
tion for LND-1 with corresponding linkage for LNF-1, itis  ride the sampling of angular space is slow on a molecular
easy to see that—1 values are similar, as displayed in Table dynamics time scale and the molecule remains trapped for
3. The extra linkage prevents certain configurations but very long times in local minima that do not necesarily

otherwise preserves the oligosaccharide fold. correspond to the solution structure. Our algorithm over-
comes this problem by brute-force sampling of the whole
4, Conclusions dihedral angular space. Since sugars are bulky and can be

We have developed a sugar structure prediction tool basedbranched, this search does not exponentially explode and in
on a ring perception algorithm, automatic recognition of factis much faster than sampling allowed conformations with
rotable dihedrals, Euler rotations, implicit solvent minimiza- molecular dynamics or Monte Carlo techniques. Once a full
tions, NOE calculations, and molecular dynamics in explicit dihedral space search is accomplished, structures are pooled
solvent. We have also implemented a subtree recognitionby an implicit solvent minimization procedure. Simple NOE
algorithm for finding an oligosaccharide fragment within a calculations and ranking against experimental data reveals
more complex molecule and a database for storing structuralin a very short time which of all allowed minimized
and rotameric information. Oligosaccharides are complex conformations are most likely to exist in solution. Short-
topological molecules with multiple possible branching time MD simulations (5 ns) for different initial structures
points. Since dihedral rotations are strongly coupled, par- sampled according to our algorithm allow us to test whether
ticularly in the case of adjacent linkages or when branching these are stable in explicit solvent and provide a good strategy
is present, the use of a simple rotameric library to study to obtain “local basin averaged” NOE values. In this article
conformations of these systems is many times not feasible.and in the first papef; we have shown that other ranking
Our database and subtree recognition algorithm overcomescriteria such as implicit solvent energies are poor estimators
this problem by storing all couplegh—¢ regions of oli- of the free-energy difference of oligosaccharides in solution.
gosaccharide fragments as vectorial quantities that can ben general, the lowest-energy structure in implicit solvent is
queried when a larger sugar is presented to the program. not the overall free-energy minimum in solution and does
This automatic tool for sugar structure prediction was not correspond to a structure that has correct NOE values as
applied to the case of LNF-1 and LND-1, two related compared to experimental data.
oligosaccharides present in milk. Our tool identified and  Our algorithm was successful in finding the best possible
pooled all important “unique conformations” for these candidate structures in solution for LNF-1 and LND-1 in a
oligosaccharides. The distribution of these unique conforma-very short time and without the need to resort to MD
tions is much wider than previously reported from MD simulations. Our MD simulations confirm the fact that these
simulations. Structures appear to be clustered around distincsstructures are indeed stable in solution because when initial
important regions. Previous MD studies show that even very conditions were given in these regions of dihedral angular
long (50 ns) molecular dynamics studies do not reproduce space we did not observe departure from the corresponding
the correct experimental NOEs unless initial conditions are basin thoughout our simulations. This is not the case for other
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studied initial structures with linkages that although allowed
did not match the experimental NOEs. An exception to this
is terminal residues far apart from crowded linkages for
which rotations are most likely decoupled from other
glycosidic torsions.

An interesting question that arises in the case of oligosac-
charides is whether as in the case of small proteins a clear
fold exists. We find that these two sugars have particularly
ordered structures. The additional branch oef-Fuc in
LND-1 has some influence on the conformations of other
linkages, but most allowed conformations for LNF-1 are also
allowed in the case of LND-1. It is interesting that we have
identified fewer allowed conformations in the case of the
larger sugar than in that of the smaller one, pointing to the
fact that branching and crowded linkages can indeed shrink
the conformational space of larger sugars. The question of
whether small sugars have well-defined folded structures in
general is interesting and should be the focus of future
studies.
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