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The formation of aggregates, rather than correctly folded polypeptide chains, is a
pressing problem in biotechnology that has been difficult to approach quantitatively.
The competition between folding and aggregation has been carefully analyzed for bovine
growth hormone (bGH) and can be attributed to incorrect helix-helix docking for this
four-helix bundle protein. An extended molecular thermodynamic model reported here
represents Gibbs energy changes associated with intramolecular and intermolecular he-
lix-helix dockings occurring during protein folding and protein aggregation. The model
incorporates (1) a semiempirical local composition Gibbs energy expression to account
for the helix-helix hydrophobic interactions, which favor helix-helix docking and aggre-
gation and (2) a Flory-Huggins-type Gibbs energy expression to describe the configura-
tional entropy of the polypeptide backbone conformation, which favors disaggregation.
For the folding and aggregation of bGH, the molecular thermodynamic model provides
estimates for the Gibbs energies and thermodynamic stabilities of various conformations
of bGH and qualitatively accounts for the competition between aggregation and produc-
tive folding. It also successfully describes the inhibition of aggregation found with
peptides corresponding to bGH helical sequences and the effect of site-directed

mutagenesis.

Introduction

Recombinant proteins produced at high levels during cell
culture frequently accumulate as inclusion bodies, an inactive
aggregated state of partially folded or misfolded polypeptide
chains (Marston, 1986; Mitraki and King, 1989; Mitraki et al.,
1991a; Cleland, 1993). Similar misfolded or aggregated states
are involved in a number of human amyloid diseases, includ-
ing Alzheimer’s (Wetzel, 1992). The inclusion body state dif-
fers from precipitates of native proteins, which are easily re-
solubilized upon dilution or change of solvent (Mitraki et al,,
1991a). When a desired protein does fail to fold in vitro, the
general approach is to isolate the inclusion body form, solubi-
lize the chains with strong denaturants, and empirically search
for conditions in which the chains refold ir vitro. Recoveries
of correctly folded protein in vitro are often low, due to com-
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peting aggregation reactions related to the original intracellu-
lar problem.

A variety of experimental approaches indicate that aggre-
gate formation represents relatively specific interactions
among folding intermediates. The intermolecular forces in-
volved in aggregate formation are noncovalent and are closely
related to the interactions needed for correct folding (Mitraki
and King, 1989; Mitraki et al., 1991a). The aggregated chains
have been shown to retain secondary structure (Zettlmeissl et
al,, 1979). Using a nondenaturing detergent (lauryl maltoside)
to specifically stabilize a labile intermediate to aggregation,
Tandon and Horowitz (1986) successfully renatured rho-
danese after guanidine hydrochloride denaturation. In the
refolding of carbonic anhydrase, small numbers of polyeth-
ylene glycol molecules are bound to the critical folding inter-
mediate preventing aggregation (Cleland and Wang, 1990a;
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Cleland et al., 1992). Single amino acid substitutions in the
tailspike of P22 increase off-pathway aggregation, while an-
other class of suppressor mutations inhibits aggregation
(Haase-Pettingel and King, 1988; Mitraki et al., 1991b, 1993).

The fundamental understanding of protein structure and
function has developed out of studies of the solution state of
proteins, and of crystals suitable for X-ray diffraction. The
aggregated states, which are composed of less ordered forms
of the polypeptides, have been difficult for protein bio-
chemists to analyze or to model. These materials behave much
more like organic polymers, with the aggregation reaction re-
sembling phase transitions. The analytical methods and con-
ceptual frameworks for approaching such materials are more
developed in the ficld of chemical engineering than in pro-
tein biochemistry. Indeed, chemical engineers have been re-
sponsible for many of the recent advances in this area (Geor-
giou and DeBernardez-Clark, 1991; Himmel and Georgiou,
1993; Cleland, 1993). In the studies reported here we apply
thermodynamic methods familiar in chemical engineering
practice, but previously little employed in biochemistry, to the
problem of protein aggregation.

There are a number of efforts to model protein aggrega-
tion, Fields et al. (1992) treated protein aggregation as a
phase-separation problem. In contrast to the view just given
that proteins aggregate in conformations intermediate be-
tween native and denatured states, they proposed that the
denatured state aggregates. The model considers the aggre-
gated state of mixture of amorphous copolymer plus solvent
and that the driving forces are the hydrophobic interaction,
which favors aggregation, and conformational and transla-
tional entropies, which favor disaggregation. A mean-field
lattice statistical mechanics theory was proposed for the lig-
uid-liquid phase equilibrium between the denatured and ag-
gregated states of proteins in aqueous solutions. However, it
is difficult to interpret results of the theory since the treat-
ment of the aggregated state as amorphous polymer solution
departs from experimental evidence.

Stigter and Dill (1993), using the model of Fields et al.
(1992), accounted for the observed minimum in protein solu-
bility as a function of urea concentration in water. Adding
small urea concentrations decreases the protein solubility be-
cause the dominant action of urea is to convert native to de-
natured molecules that are prone to aggregation. At higher
urea concentrations, further addition of urea leads to weak-
ening of the attractions, and therefore to increased solubili-
ties.

The preceding approaches are difficult to apply to particu-
lar proteins. We report here an extended molecular thermo-
dynamic model to represent the Gibbs energy change associ-
ated with intramolecular and intermolecular helix-helix dock-
ing occurring during protein folding and protein aggregation.
Molecular thermodynamics has been successfully used to de-
rive semiempirical Gibbs energy expressions and to estimate
the corresponding thermodynamic parameters for mixtures of
electrolytes, nonelectrolytes, amino acids, antibiotics, mi-
celles, and polymers (Prausnitz, 1979; Chen and Evans, 1986;
Chen et al,, 1989; Zhu et al., 1990; Chen, 1993). It takes ad-
vantage of a large body of experimental thermodynamic data
developed by chemists and chemical engineers to study the
phase behavior of both small molecules and large molecules
(Renon and Prausnitz, 1968; Fredenslund et al., 1975). Re-
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cently, semiempirical Gibbs energy expressions have been
successfully developed from molecular thermodynamics to
represent the Gibbs energy of folding homopolypeptides from
a random-coiled state to either the a-helical state or the B-
sheet state (Chen et al., 1992}, and the Gibbs energy of fold-
ing heteropolypeptides from random-coiled conformations
into a-helical conformations (Zhu et al., 1992). The model
yields a hydrophobicity scale for the twenty amino acid side
chains, which compares favorably with established hydropho-
bicity scales. It accurately predicts thermodynamically favor-
able folding of a number of aqueous homopolypeptides from
coil states into a-helices. The computed Gibbs energies cor-
respond well with the experimental data on helicity of a num-
ber of natural polypeptides and synthetic polypeptides.
Molecular thermodynamics provides a potentially practical
framework to account for the intramolecular and intermolec-
ular physical interactions that govern the phase behavior of
protein systems.

The purpose of this work was to develop a molecular ther-
modynamic model for the physiologically important forms of
protein aggregation, due to off pathway interactions among
folding intermediates. The model represents a thermody-
namic account of the stability of protein aggregate intermedi-
ates with a-helical structures. [t does not at present repre-
sent the stability of intermediates in the formation of B-sheet
proteins. Specifically, we reformulated the Gibbs energy
model of Chen et al. (1992) and Zhu et al. (1992) to repre-
sent the changes associated with the nucleation and termina-
tion of multiple o-helical structures and with both in-
tramolecular helix-helix docking and intermolecular helix-
helix docking. These Gibbs encrgy expressions were derived
to account for the helix-helix hydrophobic interactions, which
favor aggregation, and the configurational entropies, which
favor disaggregation.

Model Compound for Protein Aggregation Upon
Refolding

One carefully analyzed example of competition between
refolding and aggregation are the studies of bovine growth
hormone (bGH) whose folding and aggregation pathways have
been studied by Brems, Lehrman and coworkers (Brems,
1988; Brems, 1990; Lehrman et al., 1991). bGH is believed to
be a member of the four-helix-bundle family of proteins.
Brems and Havel (1989) showed that a peptide correspond-
ing to one of the helices effectively suppressed the off path-
way association reaction. The data and mechanisms estab-
lished by Brems et al. made it possible for us to attempt to
model the thermodynamic factors involved in protein aggre-
gation of helical bundle proteins.

Based on the kinetic folding pathway, Brems (1988) sug-
gested the following equilibrium folding and aggregation
model for bGH. A similar model has been proposed by Cle-
land and Wang (1990b) for bovine carbonic anhydrase B
(CAB) and by Wetzel (1992) for human interferon-y and in-
terleukin-18 (Wetzel and Chrunyk, 1993).
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N-Terminal End

C-Terminal End

Figure 1. 3-D structure of native methionyl porcine so-
matotropin.

By Abdel-Meguid et al. (1987). Helix 1: residues 7-34; helix
2: residues 75-87; helix 3: residues 106~127; helix 4: residues
152~183.

Under native refolding conditions, a protein molecule in its
unfolded state U forms the folding intermediate I, and then
the partially folded intermediate I is completely refolded to
the native conformation, N. While under aggregation condi-
tions (such as high protein concentrations), intermediate [
forms associated intermediate I ., which is relatively insol-
uble and may lead to multimeric aggregate formation.

As summarized by Brems (1990), bGH consists of 191 amino
acids and is a single-domain protein. Unfortunately, the
three-dimensional structure of bGH has not been deter-
mined. However, the three-dimensional structure of porcine
growth hormone (pGH), a protein closely related to bGH,
has been solved and it is given in Figure 1. It is a four-helical
bundle with the helices arranged in an antiparallel fashion
(Abdel-Meguid et al., 1987). Several of these helices are am-
phipathic or dual-sided with hydrophobic and hydrophilic
surfaces. From sequence homology and spectroscopic similar-
ities, the architecture of the bovine species must be very simi-
lar (Brems, 1990).

Monomeric intermediate / has been described as a molten
globule (Brems and Havel, 1989). It is compact like the native
state, has a high content of a-helix, and has hydrophobic faces
of the amphipathic helices that are relatively more exposed
than in the native state. Additionally, the hydrophobic face of
the third amphipathic helix is not completely buried as it is in
the native state, and it readily interacts with a similar hy-
drophobic surface from another bGH molecule at higher pro-
tein concentrations. This intermolecular hydrophobic bond-
ing between helices is critical to the stabilization of 7,
(Brems et al., 1988).

Brems further showed that a peptide with sequence corre-
sponding to the third helix of the growth hormone four-helix
bundle could inhibit aggregation. The model that emerges
from their studies is one in which the intermediate has an
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internal helix docking site exposed, and the free helix of one
species docks against the helical docking site on another
molecule forming the associated species. The helical peptides
that are homologous for the unfolded sequence will dock
against the aggregating site. The Brems model on bGH ag-
gregation provides a framework for investigating aggregation
of the family of o-helical bundle proteins.

Model for o -Helix Formation

We first examined the a-helical structure of bGH with the
molecular thermodynamic model of Chen et al. (1992) and
Zhu et al. (1992). Equation 1 gives the general formulation of
the Gibbs energy of folding the residues from a random-coiled
state into an «-helical state.

AGC—HJ=AGlc,c—>a_TASconfig,Cﬂa (])

Here the local composition term, AG', includes the enthalpy
of o-helix formation and other entropic terms not included
in the configurational entropy term, TAS",

Zhu et al. (1992) presented the expression for the Gibbs
energy of folding a polypeptide chain from the random-coiled
conformation to an a-helical conformation J as follows:

AGy e Agie
RT X TRT W @
where
Aglc -« ATl- Asiconfig, c—>a
= 3)

RT V4 R

The specific expressions for Ar; and As®" ¢~ are to be
derived in the next paragraphs; Z is the coordination num-
ber, ¢;; is the conformational index of residue i in a-helical
conformation J. When summed over the amino acid se-
quence of a polypeptide chain, it accounts for the location
and length of the helix. The value of ¢;; is O for residues in
the coil state, and 1 for residues in the helical state.

Equation 3 was derived for a system consisting of a
polypeptide chain and the nearest neighboring solvent
molecules that constitute the hydration shell. The hydrated
solvent molecules are packed out of the hydration shell when
the helix is formed and the internal packing of the a-helix is
void of water molecules.

As first proposed by Chen et al. (1992), the configurational
entropy loss associated with the a-helix formation can be ap-
proximated as the difference between that of mixing solvents
with a polymer chain of length n and that of mixing solvents
with a polymer chain of length n —1.

ASconfig,c*a:(ASaFH[n_1hAS(‘FHIn). (4)

The configurational entropy of mixing a disoriented poly-
mer and the solvents to form a random-coiled polymer solu-
tion is well represented by the equation of Flory (1941, 1942)
and Huggins (1941, 1942):
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ASEH = ~ RIN/In —Nl— +N,In —Nzx— . (3
i PUUN + Nox 27N, + Nyx

Here, N, is the number of solvent molecules, N, is the num-
ber of polymer chain molecules of x segments long, and x is
the number of the segments in a polymer chain. Chen et al.
(1992) suggested a constant value, —0.798 R, for the entropy
loss per residue for a-helix formation, Asconfie-c=

Zhu et al. (1992) expressed the local composition term in
terms of binary interaction energy parameters, 7;;, of the
nonrandom two-liquid theory of Renon and Prausnitz (1968).

At = Z(TW, r(y T TRG), W )= (TW,R(i) + TrReyw )— TR(i+3), R(i)
(for N-terminal end residues) (6)
A7 =207y geiy+ Trew) ~ (Trei— 3y, Rty T TRG+ 31, RG) )
(for central residues) (D
Ar=2ry, Ry T TR(i),W) - (TW, rey t TR, W ) TR(i-3), R(i)

(for C-terminal end residues). (8)

The first terms in Eqs. 6 to 8 represent the intrinsic folding
potential due to residue-solvent interactions, Ar/*:

AT =21y gyt TR(HW )+ ()]

The second terms in Eqgs. 6 and 8 represent the chain end
effect. The last terms in Eqgs. 6 to 8 represent the cooperative
effect due to residue-residue interactions.

The model requires two binary interaction parametets, 7;;
and 7, for each of the solvent-solvent interaction pairs, the
solvent-residue interaction pairs, and the residue-residue in-
teraction pairs. These binary interaction parameters have
been estimated from the UNIFAC functional group contribu-
tion method with the electrostatic interactions neglected (Zhu
et al., 1992). Here the interacting residues include both the
backbone groups and the side-chain groups.

Zhu et al. (1992) demonstrated the utility of the Gibbs en-
ergy model in predicting the formation of a-helical sec-
ondary structure by examining the stability of «-helical con-
formations of a number of small natural polypeptides and
synthetic polypeptides with single helical structure. The com-
puted Gibbs energies correspond satisfactorily with the ex-
perimental data on helicity, a measure of the helical content
of these polypeptides. However, the bGH protein molecule
contains multiple helical structures and we need different
Gibbs energy formulations to examine the locations and
length of the helices.

Helix Nucleation Potential

The actual conformation of the bGH folding intermediate
is not known. One route to its approximation is by “unfold-
ing” the globular protein into its secondary structure ele-
ments and treating such species as models of the folding in-
termediates. A second approach, which we take below, is to
compute the thermodynamically favored secondary helical
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Figure 2. Computed bGH helix nucleation potential vs.
amino acid residue number; nucleating seg-
ment length set to 10 residues.

structures formed after dilution of an unfolded molecule out
of denaturant.

Equation 2 can be used to evaluate a ‘““helix nucleation po-
tential” defined as the Gibbs energy change for a segment of
the protein molecule in water to convert to the a-helical state
from the random-coiled state. The nucleation potential will
vary with the helix-starting residue and the helical chain
length. Due to the chain end effect, short segments are not
favored to form helices (Chen et al., 1992). The minimal chain
length of a helix-nucleating segment, including both the N-
terminal end residues and the C-terminal end residues, must
be equal to or greater than four residues. Figure 2 gives the
computed dimensionless helix nucleation potential for bGH
with nucleating segment length fixed at ten residues and with
nucleation-starting residues varied. To be a helix-nucleating
segment, the helix nucleation potential must be negative. The
more negative the helix nucleation potential is, the stronger
the helix-forming tendency becomes. Once nucleated, the he-
lix should propagate and grow in helical length until the helix
is stopped by helix termination signals, including prolines and
other helix termination constraints (Presta and Rose, 1988).

Although it is feasible to define and compute the helix nu-
cleation potential, it is not feasible to predict exactly which
residue should be the N-terminal residue of the helix. In this
study, we arbitrarily set the N-terminal residue to be the first
residue of a ten-residue helix with favorable helix nucleation
potential. The computed results are not very sensitive to the
length of the helices. The model predicts that, in a fully un-
folded bGH molecule, there could be a number of potential
helix-nucleating sites that would lead to helices of at least ten
residues long. These major helix-nucleating sites are residues
1-8, 23-29, 45-54, 69-90, 112119, and 152-156. Note that
the helix nucleation potential alone is not sufficient to “pre-
dict” both locations and length of helices. It is necessary to
define a helix termination potential as discussed in the next
section, Furthermore, one must recognize that these helix-
nucleating sites were solely suggested by the Gibbs energy
analysis with other factors totally ignored.

Helix Termination Potential

To help determine helix-terminating locations, one could
define a “helix termination potential” for any sequence of a
polypeptide chain to be the Gibbs energy change of convert-
ing any three consecutive residues in a helical structure from
the helical structure to the random-coil state. In other words,
these three residues would now terminate the helix instead of
further propagate the helix. This Gibbs energy change should
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include the chain end effect of the preceding three residues
(i =3 to i —1), the loss in residue-residue hydrophobic inter-
actions associated with the three terminating residues (i to
i +2), and the corresponding entropic gain in converting from
the helical structure to the random-coil state. Equation 10
gives the helix termination potential at residue i.

i-1

-T

i~3

i+2

AG[O! —C
RT

ArF
27

AT,
1
+ Z 7 | C — terminal
i

3As§0nfig, coa
i

+——R—. (10)

Helix termination is favored if the helix termination poten-
tial is negative. Conversely, propagation of the helix should
be favored if the helix termination potential is positive. Fig-
ure 3 shows the computed helix termination potential of the
bGH polypeptide chain as a function of the residue location
on the protein primary sequence. The results suggest a num-
ber of favored helix-terminating sites: residues 38-47, 65-71,
97-111, 127-134, 149-154, and 180-186. In addition, there is
a less significant potential helix-terminating site: residues
19-21.

Due to the immense complexity of the protein folding
process, one should not expect to establish the exact a-heli-
cal secondary structure of a protein molecule simply from a
Gibbs energy analysis. However, the suggested helix-nucleat-
ing sites and helix-terminating sites would imply that a fully
unfolded bGH molecule could partially fold into a protein
intermediate with five a-helices made up of residues 1-37
(helix 1), 45~-64 (helix 13), 69-96 (helix 2), 112-126 (helix 3),
and 152-179 (helix 4). Figure 4 shows the suggested helical
structure for the bGH folding intermediate prior to the in-
tramolecular helix-helix docking. As mentioned before, the
three-dimensional structure of bGH has not been deter-
mined. However, it is interesting that the suggested helical
structure for the bGH folding intermediate is similar to the
four-helical-bundle native structure reported by Abdel-
Meguid et al. (1987) for methionyl porcine somatotropin
(MPS), a genetically engineered variant of pGH. In MPS, the
alanine residue at position one of pGH has been replaced
with a methionine. The four helices of MPS are made up of
residues 7-34, 75-87, 106—127, and 152-183. The region from
8910 96 is also in an a-helical conformation. It can be thought
of as an extension of the second helix. The region from 35 to
74 is predominantly loops and turns. One of these turns is a
1.5 turn helix (residues 53-58). The region from 128 to 151,
on the other hand, has no well-defined secondary structure.
Furthermore, residues 53 and 164 form one disulfide bridge,
whereas residues 181 and 189 form the other (Abdel-Meguid
et al.,, 1987).

Intramolecular Helix-Helix Docking

A naked helix may dock against an already formed helix as
part of the folding process toward the native state. This in-
tramolecular helix-helix docking must play a major role in the
establishment of the tertiary structure of globular protein
molecules.

In the following paragraphs, we formulate an expression to
account for the Gibbs energy change associated with the in-
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Figure 3. Computed bGH helix termination potential vs.
amino acid residue number.

tramolecular helix-helix docking. The Gibbs energy change
represents a thermodynamic quantity for the protein molecule
at the reference state of infinite dilution. We propose that
the Gibbs energy of the intramolecular helix-helix docking be
represented as the sum of the local composition contribution
due to the helix-helix surface contact and the entropy contri-
bution due to the loss of .the configurational entropy of the
nonhelical residues linking the helices. These nonhelical
residues would lose their configurational entropy when the
docking takes place and a tertiary structure is formed:

AGa+a:AGlc,a+a_TASconﬁg,a+a. (11)

The configurational entropy loss derived from the in-
tramolecular helix-helix docking is proportional to m, the
number of nonhelical residues that lose their configurational
entropy when the helix-helix docking takes place. If the two

Figure 4. Model-predicted helical structure of bGH fold-
ing intermediate.

Helix 1: residues 1-37; helix 1Y2: residues 45-64; helix 2:
residues 69-96; helix 3: residues 112-126; helix 4: residues
152-179.
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docking helices are adjacent to each other, then the configu-
rational entropy loss is directly proportional to the number of
nonhelical residues linking the two docking helices:

AScon(ig.aﬂkazm(ASC‘FH; —AS“‘FH\,,)‘ (12)

n—1
In other words, the closer together the two docking helices
are, the smaller the configurational entropy loss will be. At
m=1, AS©Miga*a equals —0,798 R (Chen et al., 1992).

In order for the intramolecular helix-helix docking to be
thermodynamically favorable, the Gibbs energy gain from the
local composition term must overcome the entropy loss asso-
ciated with the nonhelical residues linking the docking he-
lices.

The local composition term for the intramolecular helix-
helix docking, AG'®=* <, is a function of the hydrophobicity
of the two helix-docking surfaces. The surface hydrophobicity
is determined by the compositions of the residues on the sur-
face of the docking helices and the hydrophobicity of these
individual residues. Here we account for the hydrophobicity
with the intrinsic Gibbs energy of each docking residue and
we compute the local contribution term per docking residue
from the intrinsic Gibbs energy of the docking residue:

dglr

RT VA

(13)

The intrinsic Gibbs energy for each residue, A7, is given in
Eq. 9.

Analysis of the pattern of residue-to-residue contacts at the
interface of fifty helix-to-helix packings observed in ten pro-
teins of known structure supports a model for helix-to-helix
packing in which the ridges and grooves on the helix surface
intercalate (Chothia et al., 1981). The most common way of
packing a-helices, as shown in Figure 5, is by fitting the ridges
formed by a row of residues separated in sequence by four in
one helix into the same type of grooves in the other helix
(Branden and Tooze, 1991). These class 4-4 packings in-
volve, on cach helix, two adjacent +4n rows made up of
residues with the following sequence relationship: i, i +3, i +
4,i+7,i+8, and i+ 11 (Chothia et al., 1981). In this article,
we consider only the helix-helix docking with class 4-4 pack-
ings.

For the purpose of quantifying the local composition term
associated with helix-helix docking, we characterize the heli-
cal surface hydrophobicity of a docking helix at residue i with
the absolute value of the summation of the intrinsic Gibbs
energy of the residues located at positions i, i +3, i +4, i +7,
i +8, and i + 11. In other words, we compute AG/* by sum-
ming up Ag'e® of the residues located at positions i, i +3,
i+4,i+7,i+8,and { +11. In doing so, we ignored the coop-
erative term because the term is relatively minor in compari-
son to the intrinsic term expressed in Eq. 13. AG{]‘?’”‘“ is
then the sum of AG** of the two docking helices at residues
i and j, respectively:

AG[ " =AG]"* + AG]“. 14

If the entropic contribution is constant, then the helical
surface position with the strongest surface hydrophobicity
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Figure 5. Class 4-4 helix-helix packing. (Branden and
Tooze, 1991.)

should represent the most favorable helix-helix docking site.
Figure 6 shows the computed surface hydrophobicity profile
of the bGH folding intermediate. The profile was computed
as if the entire bGH chain forms a single helix. The profile
has a jagged appearance because the values go up and down
as we move around the amphipathic helix from the hy-

Dimensionless Potential
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Figure 6. Computed bGH helical surface hydrophobic-
ity vs. amino acid residue number.
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Figure 7. Model-predicted helical structure of bGH fold-
ing intermediate after intramolecular docking.

drophobic side to the hydrophilic side. The figure suggests
that both helices 1 (residues 1-37) and 2 (residues 69-96)
have a number of strong hydrophobic surfaces with the abso-
lute value of AG!“%/RT in the range of 10 to 12, The result-
ing AG,»’]?”’+ */RT for docking helices 1 and 2 would be in the
range of —20 to —24. The helices 3 (residues 112-126) and 4
(residues 152-179) do not have such strong hydrophobic sur-
faces. The absolute values of their AG!* */RT are in the range
of 8 to 10. The existence of helix 15 (residues 45-64) seems
to have a favorable effect on the intramolecular docking be-
cause it would reduce the number of nonhelical residues be-
tween helices 1 and 2 and the associated entropy loss when
the intramolecular docking takes place. Therefore, it seems
likely that helices 1 and 2 have a stronger tendency to dock
and form a “molten globular molecule,” while helices 3 and 4
tend to hang loose. In other words, the model computations
are consistent with the Brems model that, in the bGH folding
intermediate, helices 1 and 2 dock intramolecularly, while he-
lices 3 and 4 do not. Figure 7 depicts such a folding interme-
diate.

Intermolecular Helix-Helix Docking

A free peptide helix may dock against a helix of another
peptide molecule to inhibit the folding of the peptide
molecule. It takes place through the naked helix to form he-
lix docking against the already formed helices of another
species. Such an intermolecular helix-helix docking step may
result in protein association and aggregation.

The intermolecular helix-helix docking can be conveniently
treated as a chemical equilibrium relationship between the
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naked helices in the aqueous phase and the intermolecularly
docked helices. In doing so, we must recognize that other
factors, such as kinetics or diffusion, may play important roles
in the docking process.

It takes two naked helices, /, to dock against each other
and form a dimer, JI, a first step in the development of I, ..

2y = My (15)

The driving force for the intermolecular helix-helix dock-
ing, or the intermolecular helix-helix docking potential, can
be defined as the difference between the chemical potentials
of the docked helices and the chemical potential of the free
helices at their standard state, that is, the infinite dilution
state:

AG?I‘docking = 2( /J'?,dock - I‘L?,aq)' (16)

Similar to the intramolecular helix-helix docking, the driv-
ing force for the intermolecular helix-helix docking is derived
from the hydrophobic interaction between the docking heli-
cal surfaces, that is, AG/*** of Eq. 14. The entropy loss
due to intermolecular docking is concentration dependent. In
this article, we approximate the entropy loss as the difference
between the entropy of mixing 2 moles of monomer with 55.51
moles of water and the entropy of mixing 1 mole of dimers
with 55.51 moles of water, or 3.66R:

AG;}l,docking =AG1'1]?’G+H_T*(—3.66R). (17)

The chemical equilibrium relationship between the naked
helices and the docked helices can then be expressed as Eq.
18:

a - AGY soeki
K!I,docking = — = eXp ("""Rj—l‘%?ﬂ) . (18)

It has been proposed that the intermolecular docking takes
place at helix 3 to form the bGH dimer and subsequently the
aggregate (Brems and Havel, 1989). Assuming a helix 3-helix
3 intermolecular docking with docking sites being residue 113,
the strongest hydrophobic site on helix 3, AG/s- ** */RT would
be —21, AG}; gocking/RT would be ~17.3, K}/ sociing WOUID
be 3.4x 107, or 6x10° M~ !, Lehrman et al. (1991) reported
an experimental value of 1.6xX10° M™%,

Activity of a helix is the product of the helical concentra-
tion and the unsymmetric activity coefficient, y*, of the helix:

ar=x;y;. (19)

The unsymmetric activity coefficient of the helix is a function
of the concentration and composition of the helix, the sol-
vent, the cosolvents, and any denaturing agents. Qur molecu-
lar thermodynamic formation can be extended to investigate
the effects of helper helices, cosolvents, and the solvent com-
positions upon the activity coefficients of the helices. Typi-
cally, without the presence of cosolvents and denaturing
agents, one would assume that the unsymmetric activity coef-
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ficient of the helix would remain close to unity due to the low
helix concentration. In this article, we approximate the activi-
ties of the helices with the concentrations of the helices:

a

~

T

X
Kll,docking = =7 (20)
Xy

~to

a

From Eg. 20, one could compute the concentrations of each
helical species.

While the entropy loss associated with the nonhelical
residues between two intramolecularly docked helices is the
barrier for the intramolecular docking, the low concentration
of the docking helices is the barrier for the intermolecular
helix-helix docking. For the bGH system, the bGH folding
intermediate corresponds to the bGH molecule with naked
helices. After intermolecular helix 3—helix 3 docking, the bGH
folding intermediate forms dimers. Figure 8 gives computed
yields of the bGH monomer and dimer vs. total bGH concen-
trations with K/ 4ocuine fixed at 4x10° M~'. At total bGH
concentrations greater than about 0.01 mg/mL, the model
predicts that bGH is present mostly as dimers (or aggregates).

Helical Fragments

The fragment consisting of residues 96—133 of bGH con-
tains helix 3 of the bGH folding intermediate (Brems et al.,
1987). The presence of this helical fragment in tenfold excess
effectively prevents aggregation of bGH (Brems, 1990). Our
helix nucleation/termination potential computations on the
fragment indicate that the fragment does form helix 3. We
believe helix 3 on the fragment prevents aggregation by dock-
ing with helix 3 of the bGH folding intermediate and block-
ing it from docking with another bGH molecule.

In addition to being in equilibrium with its dimer, I, when
the helical fragment consisting of residues 96-133 is present
in solution, the bGH folding intermediate is also in equilib-
rium with what we called blocked bGH. Blocked bGH, IJ, is
formed when the helical fragment, J, docks with bGH at he-
lix 3. Also, the helical fragment is in equilibrium with its
dimer, JJ:

Lo+ oy = Wigoue 1)
2 = Hgoux 22)

an Xy
K17, docking = =— (23)

aa; XX

K _ A Xy
JJ,docking — 2 T T 2
a; Xj

24)

We can solve for the equilibrium constants, K,;, K,,, and
K;;, and the concentrations of each species if the AG’s are
known. Here we assume the three equilibrium constants are
equal since docking takes place between the same helical sur-
faces in each case (those which make up helix 3). Figure 9
shows computed yields of various bGH species vs. total bGH
concentrations when the helical fragment 96133 is present
at ten times the total bGH concentration. The major species
present is predicted to be blocked bGH, except for at low
total bGH concentrations, where the monomer becomes the

1022 April 1995

Vol. 41, No. 4

0.8 1

061

Yietd

—e—  bGH Monomer
0.4 4 . ———-  bGH Dimer

0214

0.0 T T Y

T T T
] .000% 001 .01 R

S

Total bGH Concentration (mg/mi}

Figure 8. Computed fractional yields of bGH species vs.
total bGH concentrations.
K1 docking fixed at 4x 105 M~

significant species. Compared to the case without the helical
fragment (Figure 8), the bGH dimer concentration is much
lower in Figure 9. This indicates that the fragment 96-133
would be effective in preventing aggregation as shown by
Brems (1990).

Brems (1990) also showed that the fragment consisting of
residues 96-112 of bGH was not effective in preventing ag-
gregation. Our computations on helix nucleation and termi-
nation potentials suggest that the fragment 96-112 does not
form a helix and, as a result, it would not dock intermolecu-
larly with bGH to form blocked bGH.

Site-Directed Mutagenesis

Human growth hormone (hGH), which is unable to aggre-
gate via the bGH aggregation process, differs from the bovine
primary sequence at eight positions within the bGH region
with amino acid residues 109-133. Not long ago, Lehrman et
al. (1991) characterized the folding of a bGH analogue (8H-
bGH) that contains the hGH sequence between amino acid
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——=-—  bGH Dimer
—8— Blocked bGH

0.4 4

0.2
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Y T T

T T
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Figure 9. Computed fractional yields of bGH species vs.
total bGH concentrations with helical frag-
ment.

96— 133, Ky docking fixed at 4X10° M~
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residues 109-133 at low and high concentrations. The equi-
librium folding characteristics of bGH and 8H-bGH are simi-
lar when monitored at low protein concentrations ( <2 uM).
Also, the structures of the bGH and 8H-bGH monomeric
folding intermediates are similar. In contrast, partial denatu-
ration of 8H-bGH at higher concentrations (> 2 uM) leads
to significantly less aggregation than is observed for bGH.
The equilibrium constants for the formation of soluble bGH
and 8H-bGH aggregates differ by one order of magnitude
(1.6xX10° M~ ! and 1.4x10* M™!, respectively).

Given the primary sequence of 8H-bGH, we could com-
pute AG!“®/RT for 8H-bGH at residue site 113. The
AG}**/RT for 8H-bGH (—9.2) is found to be about 1.3 higher
than the AG/“*/RT for bGH (~10.5). The resulting differ-
ence in AG,»’I?""”/RT, 2.6 corresponds well to the one order
of magnitude difference in the equilibrium constants for the
formation of soluble bGH and 8H-bGH aggregates. The
model correctly suggests that the site-directed mutagenesis
weakens the hydrophobic interactions between the inter-
molecular helix-helix docking sites.

Conclusions

Based on molecular thermodynamics, we derived Gibbs
energy expressions for the nucleation and termination of he-
lical structures in protein folding intermediates. We also de-
veloped Gibbs energy expressions for the intramolecular he-
lix-helix docking and the intermolecular helix-helix docking.
These expressions help facilitate investigations of the ther-
modynamic stabilities of protein intermediates identified in
the protein folding and aggregation pathway. The thermody-
namic stability represents one of several major driving forces
in the protein folding and aggregation pathways. Other fac-
tors include folding kinetics and diffusion.

Applying the molecular thermodynamic model to bGH, we
obtained computed results that show: (1) favorable conver-
sion of bGH molecules from the random coil state to a heli-
cal structure similar to the native structure of methionyl
porcine somatotropin with four-helical bundles, (2) favorable
intramolecular docking of helix 1 and helix 2, (3) favorable
intermolecular docking of helix 3 from one bGH molecule
and helix 3 from another bGH molecule, (4) a bGH fragment
of helix 3 inhibits the intermolecular helix-helix docking by
competing for the intermolecular docking site, and (5) site-di-
rected mutagenesis could alter the hydrophobic interactions
between the intermolecular helix-helix docking sites.

The entropic contribution to the calculation was influ-
enced by the presence of relatively long loops between the
bGH helices, one of the factors favoring the intermolecular
interaction leading to aggregation. The competition between
folding and aggregation for a four-helix bundle with tight
turns rather than long loops would be different. We have not
found experimental data on the folding vs. aggregation of such
proteins.

These studies are being continued to include (1) the effect
of small molecules, including denaturing agents, upon the
stabilities of various protein conformations, (2) the effects of
folding reaction kinetics in the folding pathway and the ag-
gregation pathway, and (3) the derivation of molecular ther-
modynamic models for other secondary structures, such as g
sheets.
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Notation

R =gas constant

s =entropy, per residue basis
T =temperature, K

x =liquid-phase mole fraction
= chemical potential

Superscripts and subscripts

¢ =random coil
« = ¢ =« helical to random coil
aq =aqueous phase
mix =mixing
R =residue
W =water
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