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ABSTRACT. The amino acid arginine is frequently used as a solution additive to stabilize proteins against
aggregation, especially in the process of protein refolding. Despite arginine’s prevalence, the mechanism
by which it stabilizes proteins is not presently understood. We propose that arginine deters aggregation
by slowing protein-protein association reactions, with only a small concomitant effect on protein folding.
The associated rate effect was observed experimentally in association of globular proteins (insulin and a
monoclonal anti-insulin) and in refolding of carbonic anhydrase. We suggest that this effect arises because
arginine is preferentially excluded from proteiprotein encounter complexes but not from dissociated
protein molecules. Such an effect is predicted by our gap effect theory [Baynes and TroutBR{¥4)s.

J. 87, 1631] for “neutral crowder” additives such as arginine which are significantly larger than water but
have only a small effect on the free energies of isolated protein molecules. The effect of arginine on
refolding of carbonic anhydrase was also shown to be consistent with this hypothesis.

Proteins are inherently unstable in aqueous solution andpolyols, to protein solutions, the propensity of a protein to
degrade by a variety of routes, the most common of which aggregate can often be affected significantly). Unfor-
is aggregation. Aggregation is the assembly of non-native tunately, because proteins are diverse in chemistry and
protein conformations into multimeric states, often leading structure, additives that work well for a particular protein
to phase separation and precipitation. The problem of may not work universally. In addition, current understanding
aggregation is especially grave in the pharmaceutical industryof the mechanisms by which additives confer stability on
and in biotechnology, where it can be necessary to handleproteins is limited. Thus, there is often no theoretical
and store proteins at high concentrations and temperaturegjuidance to aid in selection of optimal additives, necessitating
and for long periods of time. that protein stabilization be carried out on a case-by-case
In addition to aggregation being important in the storage basis using heuristic experimental screens.
of proteins, it is the dominant mode of protein degradation 5 prevalent antiaggregation additive whose mechanism
in protein refolding. Overproduction of recombinant proteins ¢ £ ,nction is unknown is the amino acid arginine. Arginine
often results in a majority of the protein being produced in paq yery Jittle effect on the folding equilibriuné€-8), yet it
the form of phase-separated inclusion bodlgs\When this ¢ jjiates refolding of several types of proteins from the
occurs, the inclusion bodies must be harvested, solubilized ¢ qed state such as tP8)(interferony (10), lysozyme
with a strong denaturant, and then refolded by removal of (11) carbonic’ anhydrase 111(), factor XIII,(12) and
the denaturant to yield active protein. When the denaturantantié)odies 3. While a mechanis’m which can expiain how

is re'_’”o"ed' the hydrophobic effgct drives the unfolded arginine functions has not been proposkd.d), these results
protein molecules to sequester their hydrophobic grogps ( suggest that arginine selectively slows proteimotein

This can occur ei.ther i_n an intramolecular fashion (prpper association (eq 2) while having little effect on protein folding
protein folding) or in an intermolecular fashion (aggregation), (eq 1)

as illustrated schematically by the reactions: ) ) ,
In recent theoretical studies of the effects of solution

U—N (1) additives on protein aggregation and association, we devel-
U+U—A ) oped a theory that may explain how arginine deters aggrega-
2 tion (15). This theory builds on previous molecular level
where U, N, and Arepresent the unfolded protein, native understanding of additive effects on protein thermodynamics
protein, and a dimer, respectively. Thus, there is direct (16), preferential binding X7), osmotic stress1@), and
competition between proper protein refolding and aggregation Kirkwood—Buff theory (19—22).

®. . _ “Gap effect theory” suggests that solution additives much

Empirically, it has been observed that, by adding low |arger than water which do not affect the free energy of
molecular weight components, such as salts, sugars, Ofisolated protein molecules will selectively increase the free
energy of proteir-protein encounter complexes. This effect
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We termed solution additives that have the above proper-into the antibody-containing and reference flow cells. Such
ties “neutral crowders” because of their size (crowder) and low concentrations were used to ensure that multimerization
affinity for isolated protein molecules (neutral). The effect of insulin did not affect the result2€). The dissociation
of such molecules on protein association reactions contrastgate was sufficiently fast in buffer that a regeneration buffer
with that of excluded or hard-sphere crowders, which can was not required. Kinetic constants were extracted by
accelerate association and generally shift the associationsimultaneous fitting ok, andky to each set of sensorgrams
equilibrium toward the associated stag3,(24). using a 1:1 kinetic model in the BlAevaluation 3.0 software

On the basis of the above theoretical developments andpackage.
the existing experimental data on arginine systems, we Refolding of Carbonic AnhydrasBefolding of carbonic
hypothesized that arginine is a neutral crowder, and it exertsanhydrase was accomplished by dilution from high concen-
its beneficial effect on protein refolding by slowing protein trations of the denaturant guanidinium chloride (GuHCI) as
association reactions with only a small concomitant effect done previously 27, 28). High concentrations of carbonic
on the rate of protein refolding. The goal of the present anhydrase X300 M) were denaturedni 6 M GuHCI and
investigation was to test this hypothesis experimentally, equilibrated overnight. Refolding was initiated by dilution
compare the experimental results to gap effect model to 0.5 M GuHCI with 50 mM Tris-HCI buffer, pH 7.5. This
predictions, and determine the extent to which arginine can final GUHCI concentration was selected because it yields a
decrease the degree of aggregation of a globular protein. mixture of active, refolded protein and aggregates. The

Because gap effect theory predicts that arginine should distribution of this mixture was analyzed via esterase activity,
decrease proteinprotein association rates in general, this size exclusion HPLC, and dynamic light scattering as
effect can be tested on any convenient system. We selectedlescribed below.
two types of protein association reactions for study: the Carbonic Anhydrase Esterase Adty. Esterase activity
association of insulin with a monoclonal antibody to insulin of carbonic anhydrase was assessed ugimgtrophenyl
(globular protein association) and association of folding acetate (pNPA) as the substrate as described previd@Bly (
intermediates and aggregates of carbonic anhydrase |IBriefly, 10 uL samples of carbonic anhydrase solution were
(aggregation during refolding). By performing these associa- added to 50@L of Tris-HCI, pH 7.5, and 5Q:L of 50 mM
tion tests in different buffers, the effect of arginine in the pNPA in acetonitrile. The kinetics of hydrolysis of pNPA
buffer can be deduced by comparison. In parallel, the effectswas observed by the increase in absorbance at 400 nm due
of guanidinium chloride on the same association/aggregationto the appearance of thenitrophenolate ion (pNP. In all
systems was assessed. Finally, the experimental results wereases, the observed hydrolysis rate in absorbance units per

reconciled with gap effect theory. second (AU/s) under these conditions was constant (pseudo
zero order). Hydrolysis rates were corrected for the hydrolysis
MATERIALS AND METHODS of pNPA by the buffer for each type of buffer used.

Proteins and Reagent$iuman insulin (18530), bovine Hydrqusi_s rates were converted to concentratior_1 of active
carbonic anhydrase Il (CA)(C2522), hen egg white protein via a stan_dard curve construpted from o_lllutlons (_)f
lysozyme (L7651), and bovine serum albumin (B4287) were known concentrations of native protein. The active protein
obtained from Sigma-Aldrich (St. Louis, MO). Monoclonal ~concentration data were reproducible to withir &6 in
anti-insulin (10-130 clone M322214) was obtained from replicated experiments. _

Fitzgerald Industries (Concord, MA). Consumable reagents  Size Exclusion HPLGSize exclusion HPLC (SE-HPLC)
for Biacore experiments (NHS, EDC, ethanolamine, glycine, Xperiments were performed on a Beckman System Gold
and HBS-EP buffer) were obtained from Biacore AB HPLC instrument equipped with a Tosohaas G3000SWXL
(Switzerland). Guanidinium chloride, arginine hydrochloride, Size exclusion column and a UV detector. Samples of 30
and sodium chloride were attained from Sigma-Aldrich in 4L were introduced to the column by a constant flow of 1
the highest available grade. mL/mm mobile phase. _Each sample ran for 15 min, Wltl_'1

The concentration of carbonic anhydrase in solution was carbonic anhydrase eluting between 6 and 10 min, depending
determined by absorbance at 280 nm using an extinction ©n its molecular weight and buffer. Protein was observed at
coefficient of 54000 M! cmt (25). the exit of the column via absorbance at 280 nm. For samples

Globular Protein Association Kinetic®rotein association ~ that did not contain large submicron or micron-sized ag-
and dissociation rate constarisandky, were measured for ~ 9regates (which do not pass through the column), the total
globular proteins via surface plasmon resonance on a Biacoreehromatogram areas at 280 nm were consistent to within
3000 instrument. Monoclonal anti-insulin was immobilized 2—3% during the entire refolding process, indicating that
on a Biacore CM5 sensor chip via amine coupling. The the extinction gqefﬁments of dlfferent-5|z_ed aggregates did
amount of immobilized antibody was selected to give a NOt vary significantly on a mass basis. A mixture of
detector response in the range of M0 RU when antigen lysozyme, carbomc anhydrase, and bovine serum alb.umln
was present. A reference surface was created by activating(monomer and dimer) was used as a standard to calibrate
and deactivating the surface without coupling an antibody molecular weight to retention time. Using this calibration
to it curve and the breakthrough time of the column, the largest

Different concentrations of insulin in the nanomolar range Multimer that could pass through the column was a 15-mer.
(1-200 nM) were prepared by dilution and injected serially When significant mass was missing from a chromatogram,

large multimers were quantitated by difference. The presence

1 Abbreviations: CA, carbonic anhydrase; NH$&hydroxysuccin- c.)f Iarge mu'.timers was confirmed Vi.a turbidity or dynamic
imide; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; pNP light scattering for each buffer. The instrument was cleaned
p-nitrophenolate ion; pNPAp-nitrophenyl acetate. with 30 uL injections d 4 M GuHCI, a denaturing
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concentration found to dissociate and elute precipitates and 50
large soluble carbonic anhydrase multimers.

Modeling of Association and Dissociatiofiransfer free 40 f
energies for pairs of proteins f. M arginine hydrochloride
and 1 M guanidinium chloride solutions were computed by
a method described previously5). Associating proteins
were modeled as spheres of radius 20 A or as planes o
surface area 400A2. (While these shapes may seem like
drastic approximations, interaction parameters used below
to calculate additive effects were obtained from all-atom
molecular simulation data.) The distance between the surfaces
of the proteins in any configuration was defined as the
reaction coordinates, for association and dissociation. The
associated state was taken to be the point at which the % 200 200 200 500 500 700
proteins are in contact with each other 0), the dissociated Time (sec)
state at infinite separation, and the transition state at @pgyre1: Biacore 3000 surface plasmon resonance data for insulin
separation distance of 6 A, or about one shell of water aroundbinding to immobilized anti-insulin. Raw binding data (solid curves)
each protein. are shown with a three-parameter, least-squares fit to all of the

The free energy and the activation free energy of associa-data (dashed curves). The detector response is proportional to the
tion were defined to be-8 and 2 kcal/mol, respectively. An mass of antigen bound to the antibody immobilized in the flow
empirical reaction coordinate free energy surface between
these_ points was anStrUCted from Ga‘_JSS'a” funCt'ons forTabIe 1: Effect of Arginine on Association and Dissociation Rate
the dimer and transition states and an inverse sixth powerconstants for Insulin with Monoclonal Antibodies

20

Detector Response (RU)

repulsive termX < 0). The exact function used was buffer addifive ka(M-'sY) k(s Ko(M) kdko Kk
_ e 15 \6 0.5 M NaCl 44%x 100 14x102 0.32
= —9.05¢ F022R)2 1 1 ggg 622 (+—15) (3) 05MArGHCI  12x 10 22x102 1.8 027 16
X 0.5MGUHCI  4.0x 10* 9.4x102 2.4 091 6.7
wherey is the free energy. 2The base buffer was Biacore HBS-EP (10 mM HEPES, 0.15 M

L . : . NaCl, 3 mM EDTA, 0.005% polysorbate 20, pH 7.4)o andkq are
Additive-induced perturbations to this free energy function the association and dissociation rate constants in HPS-EP5 M

were computed vialp): NaCl.Kp = ky/ka. The estimated error in the absolute valueg.aind
kq is 15%.

Aup = —RTg [(e™FT— Rl gy (4)
The net reaction is the binding of free antigen in solution,

where Aup is the transfer free energyRT is the gas resulting in an increase in detector response proportional to
constant times absolute temperatuog, is the additive the mass of antigen bound. At= 320 s, the insulin
concentrationUxpLis the additive-protein potential of mean  concentration in the flow cell inlet is returned to zero, and
force, Wwellis the watef-protein potential of mean force, the bound antigen then dissociates from the surface. All 16
and the integral is over the solvent volume. The potentials runs were simultaneously fit to a binding model by minimiz-
of mean force were modeled as exponential-6 potentials anding the squared residuals to yield the association and
fit to radial distribution data obtained from all-atom molec- dissociation rate constantk, and ky. This process was
ular dynamics simulation1@). The model for water was repeated to yield association, dissociation, and equilibrium
taken directly from refl5. Guanidinium was modeled as urea constant data for the model systems in various buffers as
from the same reference, but with double the free energy shown in Table 1.
change, since protein free energy effects due to guanidinium Relative to the 0.5 M NaCl control, 0.5 M GuHCI

chloride are on average double that of ur2g)(Arginine significantly increases the dissociation rate of insulin and
was modeled as having a characteristic radiug é and anti-insulin and has an insignificant effect on the association
no effect on the free energy of the dissociated state. rate. This effect of GUHCI on dissociation rate is consistent

with its well-known behavior as a strong denaturant. Small
RESULTS denaturants such as guanidinium chloride and urea bind

Effect on Globular Protein AssociatioSurface plasmon ~ uniformly to protein surfaces and thermodynamically favor
resonance experiments were conducted to measure the effedirotein states which have the largest solvent-accessible area,
of added ArgHCI and GUHCI on the kinetics of globular such as denatured states (in folding equilibria) and dissociated
protein association and dissociation versus an equimolar salStates (in association equilibria). Since GuHCI does not

control (NaCl). A typical experimental data set for a binding Significantly affect the rate of association of insulin and anti-
interaction at one buffer condition is shown in Figure 1. insulin, it is likely that the association transition state does

The data set shown in the figure is a composition of 8 not have a significantly different solvent-accessible area than

different concentration runs plus replicates, for a total of 16 the dissociated state.

runs. Att = 140 s, the flow cell with |mmob|[|zed anti-  \IECHANISTIC INTERPRETATION

insulin was exposed to a constant concentration of insulin

in the range of 2188 nM for 3 min. During this 3 min, the In the preceding section, we observed that arginine slowed
antibody and antigen were free to associate and dissociateprotein—protein association and accelerated dissociation,
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while guanidinium accelerated dissociation and had little 4
effect on association (Table 1). Here, we wish to relate these OO
observations to a mechanistic model of additive effects on
protein association reactions.

We begin by considering the change in a protein reaction
rate due to an additive:

Free Energy (kcal/mol)

k = koe(AﬂP"—AMP”’I)/RT (5)

wherek is the rate constant in the presence of an additive, o Additive — |

ko is the same rate constant the absence of the additivg, Argining -
is the transfer free energy of the reactant into the additive e Senaration ‘i 8 0
sqution,Aﬂg’i is the transfer free energy of the transition '
state into the additive solutioR is the gas constant, arid Additive ‘ ko ka
is the absolute temperature. The effect of a particular additive
enters into the above equation entirely through the difference Arginine -+
in the transfer free energies. o

When a high concentration of an additive@.1 M) is Guanidinium | 0 +
required to have a significant effect on a protein reaction figre 2. Calculated free energies are shown for a pair of 20 A
rate or equilibrium constant, such as has been observed inspherical proteins iat1 M arginine and guanidinium solutions as
this study for arginine and guanidinium (data at low a function of the separation between the proteins. Free energies

concentration not shown), the strength of the additive effect are normalized to the free energy of the dissociated pair (0

“ " . P . . The gray spheres indicate the geometry of the protein pair as
Can_t_)e t_ermed We_ak . I, in a.ddmon to being weak, t.he a function of protein separation. The table at the bottom shows the
additive interacts with the protein at a large number of sites magnitudes of the changes in the association and dissociation rate

distributed uniformly over the protein’s surface, or does not constantsk, andky).

act in a site-specific manner, the transfer free energy due to

the additive is proportional to the solvent-accessible area of In the presence of arginine, the model predicts that the
the protein &) and an additive-dependent constapg)( free energy of the transition state will increase relative to

related to the preferential binding coefficierdts( 30—34): the dissociated state. This causes the association rate constant
to decrease. Inversely, the free energy of the associated state
Aup = —RTyyasc, (6) increases relative to the free energy of the transition state,

causing the dissociation rate constant to increase. In stark

wherecy is the concentration of additive. Analogous expres- contrast to the arginine effect, the presence of guanidinium
sions are frequently used to model the effects of additives has little effect on the transition state free energy relative to
such as guanidinium, trehalose, and sorbitol. the dissociated state; hence guanidinium has no effect on

The experimental observation that guanidinium does not the association rate constant. The associated state free energy,
significantly alter the rate of association of insulin and anti- however, increases relative to the transition state, causing
insulin suggests that the surface area of the pair of moleculesthe dissociation rate constant to increase. All of these effects
accessible to guanidinium does not change significantly from are qualitatively consistent with the changes in the measured
the dissociated state to the association transition state. If thisrate constants for insulin and anti-insulin (Table 1).
is the case, and if arginine interacts with proteins in the same Using this model and an analogous model in which the
way that guanidinium does, it should not be possible for proteins are approximated as planar surfad&y (he range
arginine, acting in a weak and nonspecific manner, to exert of association rate effects caused by arginine can be
any effect either, yet we observe 0.5 M arginine induces quantitated. The spherical and planar models give a range
approximately a factor of 3 depression in the association rateof 0.8-2.8 kcal mof* M~ for the maximum increase in
(Table 1). This suggests that arginine acts via a mechanismthe free energy barrier to association. For 0.5 M arginine
distinct from that of guanidinium. solution, this is 0.41.4 kcal/mol, or a rate effect dy/kqo

Recently, we have developed statisticalechanical meth- = e 22"RT = (0,51-0.10. This range covers the experi-
ods to calculate transfer free energies for association andmentally observed value for the association rate depression
dissociation reactions in generd5( 16). This led to the of insulin and anti-insulin at 0.5 M ArgHCk{ka = 0.27,
understanding that additivgprotein steric effects can influ-  Table 1).
ence the energetics of association and dissociation reactions. Effect on Refolding of Carbonic Anhydraseo assess
Specifically, if an additive is much larger than water but does whether the effects of arginine and guanidinium on globular
not significantly affect the free energy of dissociated protein protein association reactions carry over to a more complex
molecules, the additive will increase the activation free aggregation situation, we examined the effects of equimolar
energy for the molecules to associate. This steric effect, amounts of NaCl, GuHCI, and ArgHCI on the refolding of
which we call “the gap effect”, slows protein association carbonic anhydrase Il (CA). CA is a natural enzyme that is
and may either speed or slow dissociation. known to aggregate during refolding.

The model developed in ref5 can be used to calculate In previous studies in our laboratory and othe2g, 28,
the effects of guanidinium and arginine as described in 35—40), carbonic anhydrase Il was found to refold from a
Materials and Methods. The results of such a calculation aredenatured state by sequential formation of a molten inter-
shown in Figure 2. mediate state (M), a near-native conformation that has no
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biological activity (1), and finally the native state (N): 1

X T05MNa
o +0.5M Arg :
U . M . I . N (7) N \* +0.5M Gu
0.8 N
Cleland showed that the molten intermediate (M) can x T T
aggregate to form dimers and higher me38)( o6
TN e

M — A, — etc. (8)

0.4

In 1.0 M GuHCI and at low concentration of carbonic
anhydrase (less than 30M), the formation of small mers
was reversible, leading to yields of native protein approach-
ing 100%. At lower GuHCI concentrations, formation of
large aggregates occurred, resulting in significant losses of
CA. At long times (hours to days), the only aggregate species %0 2 40 60 8 100 120 140 160 180 200
observed were small multimers and very large, micron-sized Initial CA Goncentration (uM)
aggregates. These observations lead to the following two Ficure 3: Effect of refolding buffer composition on carbonic
predictions about the performance of ArgHCI and GuHCI anhydrase refolding yield. The points are experimental esterase
as solution additives: activity data, and the lines are the best fit to a one-parameter, first-
L . N . versus second-order kinetic model (eq 11).

(1) The reversibility of small multimer formation implies
that early association reactions are at least partially equilib-
rium-controlled. Then, since ArgHCI and GuHCI shift
equilibrium toward the smaller mers (Table 1), they both
should promote formation of the native protein during
refolding. This was probed experimentally by measuring the
native protein concentration as a function of refolding buffer
conditions.

(2) The absence of intermediate-sized aggregates at Iongﬁ
times implies that CA aggregation proceeds via a nucleation-
dependent polymerization mechanism where a small multi-
mer is the nucleus. After formation of the nucleus, association

Fractional Yield of Active Protein

0.2

Since refolding is a unimolecular reaction, it is expected
that the refolding reaction is first order. The kinetic order of
the macroscopic aggregation reaction, however, cannot be
predicted in advance. In an earlier study of carbonic
anhydrase refolding via dynamic light scattering, Cleland and
Wang @0) proposed a 2.6-power relationship between initial
rotein concentration and monomer depletion rate at short
mes (30-60 s). Thus, we expect a reaction order of between
2 and 3 to be applicable in this case. Model cases for
aggregation reaction orders of 2 and 3 were fit to the data

. . . L . . and revealed that a macroscopic second-order aggregation
IS raplq gnd dlssoplat|on is negligible. Since ArgHCI deters reaction gave a much better fit for all three buffer conditions.
association, arginine should decrease the average aggregatg, activity data with added 0.5 M GuHCI and 0.5 M
size and molecular weight in this regime. Conversely, since : : T : L
guanidinium chloride affects the association equilibrium by ArgHCl are suggestive of slightly higher inactivation order

h ing the di i te. itwill h laible eff tthan the added 0.5 M NaCl case, but because of the
mcrt?]z_ismg_ N '?Soc'a 'O”tfa e,_:_r:/_w aveark;e% Igibie efiec uncertainty {£5%) in the esterase activity data, it is not
on this regime or aggregation. This was probed experimen- possible to determine the reaction order to better than about
tally by measuring the multimer distribution as a function

. . T : +0.5 by direct fitting.
of refqldmg buffer conditions via size exclusion HPLC, as For a second-order aggregation reaction, the yield of native
described below.

Yield of Natbe Protein. Esterase activity assays were protein is
performed as a function of initial unfolded protein concentra- Kk K, g[U]
tion and buffer composition to determine how equimolar yield = inl 1 4 29 o) (10)
concentrations of NaCl, ArgHCI, and GuHCI each affected KagdUlo k.

refolding yield (Figure 3).
It was observed that the yield of active protein as a where [U} is the initial concentration of unfolded protein.
function of buffer additive increased in the following order: Since the constants and kagq @appear only as a quotient,
NaCl < ArgHCI < GuHCI. they can be condensed to a single “refolding selectivity
If association and aggregation can account for the majority parameter”a = ki/kage, having units of concentration and
of the loss of native protein, then it should be possible to resulting in a working equation:
model the yield of native protein as a function of the initial
protein concentration and a parameter characterizing the ) a
competition between refolding and aggregatieil)( As- yield =ﬁln 1+
suming the unfolded protein rapidly collapses to the molten 0
intermediate when introduced into refolding conditio&S)(
refolding and aggregation from the molten state can be
modeled as being in direct kinetic competitid):(

) an

(08

Each of the data sets in Figure 3 was fit to the above model
equation, yielding the values of shown in Figure 2. The
functional forms of the model at these valuesiaire shown
" in Figure 3.

N-—M — aggregates 9) The parametew. is a direct measure of the performance

of a refolding additive. It is equal to the concentration of

where k; is the refolding rate constant arklgg is the unfolded protein at which the refolding yield will be In(2),
aggregation rate constant. or about 70%.
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Table 2: Refolding Selectivity Parameters) @nd Parameters In_ _0'5 M NaCI' the refolded carbonic anhydrase is
Relative to 0.5 M NaCl@/aw) for Refolding of Carbonic Anhydrase  partitioned entirely between monomers and large aggregates,

with Three Different Buffer Additives with no significant mass observed in intermediate species.
additive o (uM) olao With 0.5 M ArgHCI or GuHCI added, the yield of mono-
05 M NaCl 93 1 meric protein is significantly increased, consistent with the
0.5 M ArgHCI 47 50 observation of a larger native protein yield in the previous
0.5 M GuHCl 77 8.2 section.
aThe base buffer composition was 0.5 M GUHCI. In all three refolding buffers, significant amounts of large

aggregates form which do not dissociate into monomeric

Table 3: HPLC Analysis of Multimers Formed during Refolding of protein. With anger refolding times, t.he a"e.'fage aggregate
Carbonic Anhydrase in Different Buffers, Expressed as a Percentage Molecular weight and hydrodynamic radii continue to

of the Total Carbonic Anhydrage increase and monomer is slowly depleted (data not shown).
time (min) M A Ass Ao 1 large (%) This implies that the native protein and Iargg aggregate states
(a) Additive: 0.5 M NaCl: [Up = 5 .M are separated by a large free energy bar.ner. . .
2 56 0 0 0 44 The average aggregate molecular weight (ignoring the
20 56 0 0 0 44 monomer) is lowest in 0.5 M ArgHCI, despite the fact that
38 58 0 0 0 42 0.5 M GuHCI results in the highest yield of native protein.
(b) Additive: 0.5 M ArgHCI; [U}, = 20uM Since intermediate aggregatess(#) are not observed in
2 22 30 25 21 2 0.5 M NaCl or 0.5 M GuHCI, but larger aggregates are
gg 2‘2‘ ‘71 ﬁ' gg j observed, association must be rapid through the intermediate
1500 80 0 0 19 1 size range in these buffers. Because dissociation is negligible
(©) Additive: 0.5 M GUHCI; [U} = 20 4M in suc_h a regime_,_ additives such as _guan_idi_nium that affect
2 42 39 8 0 11 association equilibria through the dissociation rate cannot
20 82 3 6 0 9 deter association here. In contrast, arginine, which slows
1536?) 8856 % 52 % % association reactions, can deter formation of higher mers and

ultimately leads to a lower average aggregate molecular
2The time reported is the time between injection onto the HPLC weight than GuHCI or NaCl.

column and dilution of the denatured carbonic anhydrase into the This t f diff h . tant

refolding buffer. The base refolding buffer contained 0.5 M GuHCI. IS type of difierence may have important consequences
M indicates monomer, and;4 indicates multimers of mer number ~ When comparing the performance of different buffer additives
throughj. The amount of “large” multimers which do not pass through via simple surrogate assays. As seen in the differences in
the column is inferred from the difference between the amount of yield and aggregate molecular weight distribution between
protein |n_1e_c_ted onto the column and the tptal_chromatogram area. Thethe refolding buffer additives ArgHCI and GuHCI (Figure
reproducibility of any peak area determination from experiment to in th | | iah
experiment is+1%. 3), a decreage in the average aggregate molecular weight
may not be indicative of increased refolding yield. Thus,

. . . simple aggregation assays such as turbidity and dynamic light
The relative refolding selectivity valuea/ow) for ArgHCI scattering, which roughly measure the amount of large
and GuHClI indicate that both of these additives promote paricles in solution, will also not correlate with yield when

refolding. This supports the notion that formation of irrevers- comparing additives that affect association with those that
ible aggregates is at least partially equilibrium-controlled. 5¢fect dissociation.

The refolding selectivity values are also qualitatively con-

sistent equilibrium shifts effects seen in globular protein CONCLUSIONS

association (Table 1).

Multimer Distribution.Size exclusion HPLC experiments
were performed to analyze the distribution of multimers
formed during refolding. CA was refolded with three
different additives, 0.5 M NaCl, 0.5 M GuHCI, and 0.5 M ot c4rhonic anhydrase Il (CA). In CA refolding, arginine
ArgHClI, relative to a base refolding buffer of 0.5 M GUHCl, .5 mqted formation of the native protein and decreased the
as done in the esterase activity assays above. The 0.5 M NaC verage molecular weight of CA aggregates.
refolding experiment was performed at 4-fold lower con-
centration (5uM) because visible aggregates were formed
within seconds at concentrations comparable to the other tWogeain sjtuations, exhibited significantly different kinetic
experiments (2M). Other than this protein concentration  penayior than ArgHCI. GUHCI significantly increased the
difference, these experiments allow direct comparison of how gissqciation rate constant of insulin and anti-insulin and had
an additional 0.5 M of the three different cations affects 4 negligible effect on their association rate. GuHCI also
refolding. significantly increased CA refolding yield, but because of

After initiating refolding by diluting denatured CA with  the difference in kinetic effects, GUHCI had a smaller effect
an appropriate buffer, refolding was allowed to proceed for on reducing the average molecular weight of CA aggregates
at leas 2 h before performing HPLC. The samples were not than ArgHCI.
filtered prior to introduction into the HPLC column. The The magnitudes of the observed effects were quantitatively
molecular weight distributions observed are shown in Table consistent with gap effect theoni%). Arginine can be
3. modeled as a “neutral crowder”, an additive that is larger

The presence of arginine in solution was shown to slow
protein—protein association reactions in two model sys-
tems: the association of insulin with a monoclonal antibody
and the association of folding intermediates and aggregates

The denaturant guanidinium chloride (GuHCI), which is
also used to dissolve aggregates and deter aggregation in
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than water but has a negligible effect on the free energy of 18
isolated protein molecules.

The beneficial effect of arginine on protein refolding arises

because it slows protein association reactions. Thus, in 20
addition to being a useful refolding buffer additive, arginine
should prevent aggregation in any application where ag-

gregation exhibits second-order or higher order kinetics. 21
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