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Multiple structural models of humic acid (HA) building
blocks have been reported. In this work, the modeling is
based on two structural motifs: (i) the Steelink structure and
(i) a new humic acid [TNB] building block, which
incorporates more fully the results of experimental data
and retro-biosynthetic analyses. Both have significant
conformational freedom complicated by their stereochemistry.
A molecular modeling approach for the analysis of
complex molecules with significant conformational freedom
is described as it relates to the newly proposed humic
acid building block. A potential energy surface for various
conformers of the low-energy stereoisomer has been
generated. Included in this discussion is the relationship
of the stereochemistry to conformation and secondary
structure.

Introduction

Although humic acid (HA) has been studied extensively for
its remarkable environmental, biochemical, and therapeutic
properties (1—22), little extensive modeling on HA has been
performed, due in part to the incredible structural diversity
in each of the proposed building block (BB) structures (23,
24). Until recently, the primary structure of the BB was poorly
defined. The most commonly accepted models show the
potential for multiple conformational isomers. Some appear
so random that they cannot be easily linked to common
biological raw materials (23, 25). Since humic-like materials
are found in living plants (2, 3, 26—28), it is anticipated that
their structure(s) will be well-defined, having resulted from
controlled biosynthesis from a limited number of compo-
nents (29) or from abiotic reactions involving biological
degradation products. Our HA models possess multiple chiral
centers. The first is the Steelink model, and the second is the
TNB (Temple—Northeastern—Birmingham) structure as de-
scribed previously (27, 29) (Figure 1).

Molecular modeling of such complex structures as these
proposed HA BBs (Figure 1) presents unique problems (30).
The standard approach is to minimize the energy of a trial
geometry. The molecule is then subjected to molecular
dynamics (MD) or simulated annealing (31, 32) to search
conformational space. Resulting conformations are mini-
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FIGURE 1. Molecular structure of (a) Steelink and (b) TNB humic
acid monomers showing chiral centers as open circles.

FIGURE 2. Molecular structure of TNB HA monomer showing bond
torsions varied. See text for details.

mized in search of a global minimum. For complex systems,
this cycle must be repeated using different starting geom-
etries. This is an inefficient way to search conformational
space, especially for complicated structures such as those in
Figure 1 (33). Searching methods have been developed to
address these problems (30, 32, 34—37). Deterministic
methods systematically alter torsion angles (33), theoretically
allowing a complete search of conformational space (33, 34).
Stochastic methods (30, 32, 35—39) (Monte Carlo searches;
40, 41) generate geometries using (pseudo)random variations
in molecular geometry. Stochastic methods can vary internal
coordinates, interatomic distances, or torsion angles. Random
searching methods allow inversion of chiral centers, which
is important when the stereochemical configuration is
unknown.

Another peculiarity of conformer searching of HA BBs is
that, in contrast to proteins, polypeptides (42, 43), and
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FIGURE 3. Lowest energy Steelink HA monomer as determined by
RIPS search. Carbon atoms are light gray, nitrogen atoms are dark
gray, oxygen atoms are black. Hydrogen atoms are not shown for
clarity.

polysaccharides (44), the absolute and relative chiral con-
figuration of HA monomer is unknown. This elevates the
conformational problem to a level of complexity not normally
encountered in conventional biomolecules. This necessitates
a conformational searching algorithm that allows chiral
inversion (45).

Molecular Modeling Methods

The modeling of biological materials requires conformational
sampling. Low-energy geometries are obtained from multiple
searching methods and dynamics minimizations. In most
cases, the absolute stereochemical configuration is known,
and the greatest difficulty is the modeling of the higher order
structural features. In this work, the basic units have only
ninety-some atoms, but each is stereochemically complex,
having seven chiral centers.

The basic HA building block structure was produced using
the Sketch utility of Sybyl (Tripos). For the Steelink model,
all 64 chemically unique stereoisomers of HA were produced.
All were optimized using the Tripos force field (46) and the
Fletcher—Powell (47) conjugate—gradient minimization al-
gorithm. The five lowest energy stereoisomers were then used
as the starting geometries for random conformational
searching using Sybyl. New conformers were obtained by
randomly varying coordinates; retaining the structure if the
energy was reasonable, optimizing the structure, and then
repeating until “duplicate” structures were found. This
approach allows for sampling the conformational space of
many stereoisomers. The lowest energy structures from the
random searches were further examined by molecular
dynamics (34). The method used is based on the RIPS

FIGURE 4. Hexamer of amide-linked HA BBs with view along helical axis. Color code as in Figure 3.
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FIGURE 5. Hexamer of HA showing pendant polysaccharide. Actual saccharide depicted is alginic acid [poly(L.-mucoronic, p-glucoronic

acid)]. Color code as in Figure 3.

TABLE 1. Single-Point Energies of Lowest Energy HA
Stereoisomers

Steelink® TNB4
RRRSRSS —9906.90 —9783.33
RRRSSRS —9914.08 —9785.28
SRRRRSS —9895.23 —9790.97
SRRRSRS —9902.82 —9793.22
SRRSRRS —9923.20 —9785.73
SRRSRSR —9916.41 —9780.54
SRRSSRR —9907.71 —9787.77

2 Energies in kcal/mol, as determined by PM3.

algorithm of Houk et al. (34); it is a proprietary component
of Sybyl (46).

The TNB model was assessed in similar manner. Because
of the analogy of the TNB and Steelink models, the initial
starting geometries for the TNB structures were obtained
from modifications to the fully minimized Steelink structures.
Molecular dynamics simulations used a constant-temper-
ature bath of 300 and 400 K for 20 ps with both TRIPOS (46)
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TABLE 2. Folding of Selected HA Stereoisomers

Steelink? TNB?
RRRSRSS 6.25 6.16
RRRSSRS 6.43 5.66
SRRRRSS 5.92 6.38
SRRRSRS 6.23 6.38
SRRSRRS 5.95 5.77
SRRSRSR 6.12 6.23
SRRSSRR 6.62 6.75

aRadius of gyration in A (51).

and MM+ (48) force fields. Solvation studies used a periodic
box of 1738 water molecules.

All structures were subjected to a simulated annealing
protocol using the standard ensemble. Molecules were slowly
“heated” from 300 to 600K and back to 300 K over 10 ps.

Quantum Mechanical Methods. PM3 (49) semiempirical
calculations were performed on the both Steelink and TNB
HA models (Table 1) to determine the single-point energies,
using the HyperChem suite of programs (50). The RSSRSSR
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FIGURE 6. Net energy of TNB HA monomer from simultaneous rotation about two bonds (in kcal/mol) by PM3. See Figure 2 for bond

definition.

(=SRRSRSS) conformer is consistently the lowest in energy.
The radius of gyration (51) (Table 2) for each of the monomers
was also calculated to demonstrate that there is no simple
connection between the gross degree of monomer folding
and the energy. Testing of conformational stability was
achieved by varying two critical torsion angles for the TNB
model (isomer RSSRSSR) as indicated in Figure 2.

Results and Discussion

The proposed HA BB model (Figure 1) is based on the average
structural unit of HA obtained from chemical analysis (1, 22,
27, 29, 52). The TNB structure is consistent with several of
those reported previously (52, 53). It is proposed to be the
universal average formula unit of HA. The prevalence of
C-6+3 units is a consequence of the phenylpropane deg-
radation products in the work of Steelink (52). Other model
structures contain monomers so large and so complex that
the probability of their being either biosynthesized or
spontaneously self-assembled on inorganic templates seems
questionable (23, 25). These large structures contain Steelink-
and TNB-like domains, suggesting a smaller, more well-
defined subunit. Though Py-MS data has been interpreted
as implying numerous HA monomers, these interpretations
are open to question as changes of even 0.01 atm in the ion
source pressure in Cl systems can produce additional ions
in biopolymers (54, 55). Even Py-GC/MS is only effective for
polymers that can undergo “thermal scissions of macro-chain
bonds” (56, 57); the influence of the extensive metal, sugar,
and amino acid cross-linking (25, 27—29, 53, 58, 59) found
ubiquitously in soil-derived HA on the interpretation of Py-
MS data remains to be clarified. C-13 data is not conclusive
either since (i) the failure to remove polysaccharide and

amino acid contaminants skews the resulting spectra (25,
27—29, 53) and (ii) the presence of metals (27—29, 58, 59)
may cause differential relaxation of various carbon atoms in
the sample.

Our modeling studies have determined the relative
energies for all the stereoisomers of the parent BB structure.
Five independent random structural searches were per-
formed to determine if the low-energy structure could be
attributed to a particular stereoisomer. These searches
produced >2000 unique structures each. The stereoisomer
RSSRSSR was consistently produced as the lowest energy
conformation, even when different starting stereoisomers
were used. The same general conformation of RSSRSSR also
was observed, and the gross features of these structures are
similar. The lowest energy RSSRSSR structure was always
2—4kcal/mol more stable than the next lowest energy species.
All RSSRSSR conformations (Figure 3) show two important
features. Thefirstisaregion | in which aromatic rings “stack”
provide alarge van der Waals stabilization. The second region
55 shows an alignment of two carboxylate groups. Both sites
may be important for metal binding (27, 58, 59).

The low-energy structure RSSRSSR was then subjected to
a constant temperature in vacuo molecular dynamics
simulation. No significant changes in the structure were
observed during the simulation. Solvation of the Steelink
structure was assessed for both charged and uncharged
species, since it would anticipated that carboxylate groups
would be predominately deprotonated near neutral pH (60).
There was a slight rotation of H-bonding function groups
toward the nearby water molecules. The gross overall folding
remained largely unaffected, and there was no reordering of
the isomers in terms of energy.
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FIGURE 7. Molecular structure of high- and low-energy TNB HA
conformers as determined by RIPS search. Color code as in Figure
3.

The low-energy TNB structures were obtained similarly.
Because of the close structural similarity, the 10 lowest energy
stereoisomers from the Steelink-64 were used as templates
for the TNB minimization. These structures were then
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subjected to molecular dynamics protocols. The general
conformational features and relative energies of stereoiso-
mers were largely unaffected by dynamics minimization.

The conformational stability has also been assessed by
semiempirical quantum methods. Since the molecular
modeling of HA yielded showed a single low-energy stere-
oisomer with significant conformational stability, semiem-
pirical quantum mechanical methods were applied to
generate a potential energy surface for specific torsions
(Figure 2). By varying the two torsion angles indicated
simultaneously, a potential energy surface can be developed
(Figure 6). This figure provides some interesting insight into
the modeling problem. Normal torsional or dynamics
minimization does not consistently give a low-energy
structure like the “folded” structure observed for HA. This
is because chiral inversions are not allowed, and therefore
the folding cannot occur. For significant domains of the
conformational space, the potential energy curve(s) are flat
with only small energy differences observed within the
domains. Other regions show sharp high-energy features
where standard algorithms are likely to fail. Destabilizing
factors are predominately subtle electronic factors, as the
high-energy conformer has its two carbonyls and one
hydroxyl group out of plane, thereby preventing stabilization
by delocalization of i electrons or keto—enol isomerization.

Table 1 compares the energy of the low-energy Steelink
structures to those of TNB. Stereochemical assignments for
the TNB and Steelink models are consistent with a biosyn-
thesis from tyrosine, phenylalanine, or tryptophan (29). The
fundamental differences between the Steelink and TNB
models relate to basic chemical considerations (Figure 1).

Chemical studies suggest that the amide linkage is critical
to oligomerization of HA BB. A series of BB oligomers were
examined. Preliminary studies show that a link between the
amine and carboxylate of these molecules generates a stable
helical structure (Figures 4 and 5) under MD simulation.
Only the RSSRSSR isomer forms a helix; the others result in
random coils. The helical nature of HA generates a coil with
an 8.9 A repeat distance (pitch) and an exterior surface
containing potentially charged functional groups—carboxylate,
phenolicand amine—on alternate faces. Because of the helical
nature of the propagation, the occurrence of these groups
is periodic.

Figure 8 shows a map of the functional groups at the HA
surface as a function of translation distance. The translational
distance is the arc length s of the elliptical helical curve.
These functional groups may be binding sites for highly
charged metallic species such as Cu?* and Fe®", which are
anticipated to cross-link HA chains (27, 58, 59). Higher order
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FIGURE 8. Schematic diagram of the distribution of functional groups around HA helix.
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HA structure is therefore dependent on metal ion distribution
(59).

The interior of the HA helix contains more hydrophobic
functional groups, such as the carbonyl groups of ketones
or aldehydes, that may be more selective in metal binding.
From mercury loading and XANES and EXAFS studies (27),
ithas been proposed that the carbonyl groups form the ligand
field for Hg in the HA. This view of a helical HA with a semi-
hydrophilic surface and hydrophic interior mirrors the micelle
model for HA aggregates proposed by Wershaw (53).

These modeling studies suggest that a single low-energy
stereoisomer may exist for HA BBs. The relative configurations
determined in this modeling work are identical to those
anticipated from biosynthesis (29). This HA model hints at
propagation mechanisms and metal binding functions of
HA important for plant biochemistry and biomineralization

This extensive conformational analysis of a humic acid
building block yielded a single low-energy isomer, RSSRSSR,
significantly stabilized by van der Waals interaction between
two stacked rings (Figure 3). The RSSRSSR isomer is consistent
with the proposed biosynthesis of HA and other lignin-like
species. Both the primary and secondary structures have
implications for metal binding. The sterically unhindered
location of the amine and one of the carboxylic acid groups
indicates that these may be important in humic acid growth.
Spectroscopic evidence supports the presence of an amide
linkage. Other functional groups are available for metal ion
exchange.

The combined use of random conformational searching
and traditional modeling methods allows for amore complete
analysis of HA conformation. The method described here
should be applicable in general to systems possessing
structural and stereochemical complexity.
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