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Protein structure perturbations on chromatographic surfaces
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Abstract

Amide I band Raman spectroscopy was used to quantify the secondary structure contents of proteins adsorbed on
ion-exchange and reversed-phase materials. Neither ribonuclease A, a rigid protein, nor a-lactalbumin, a flexible protein,
exhibited any significant secondary structural change on adsorption to an agarose-based cation-exchange support. On
reversed-phase supports, however, lysozyme demonstrated a significant perturbation in secondary structure in the adsorbed
state as compared to its structure in solution. For a constant concentration of adsorbed protein, the perturbed structure of
adsorbed lysozyme was relatively insensitive to mobile phase conditions. However, the extent of structural change decreased
as the concentration of adsorbed protein decreased. In agreement with the Raman spectroscopic characterization, reversed-
phase linear gradient elution of lysozyme produced two peaks: a weakly binding peak corresponding to the native state and a
strongly binding peak corresponding to the denatured state. The results presented in this paper demonstrate the utility of the
Raman spectroscopic technique for in-situ characterization of protein secondary structures and their use in the molecular-
level interpretation of protein retention behavior.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction organic solvent as a mobile phase modifier, and an
acidic mobile phase, each of which is potentially

Proteins are known to undergo structural changes denaturing. Structural changes have also been ob-
during certain chromatographic separations [1–4]. served in hydrophobic interaction chromatography
These changes in protein structure may occur in all (HIC) [8]. This technique employs a mildly hydro-
types of chromatographic columns, though the phe- phobic stationary phase and high salt concentrations
nomenon is most prevalent in reversed-phase liquid in the mobile phase to drive the adsorption of
chromatography [5–7]. Reversed-phase liquid chro- proteins onto the chromatographic surface. In ion-
matography uses a nonpolar stationary phase, an exchange chromatography there is no direct evidence

of surface-induced structural changes. However, ion-
exchange surfaces have been found to accelerate
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to band broadening and/or multiple peaks in the unfunctionalized nano-particulate materials. Boul-
elution profile [1,11,12]. Such conformational kanz et al. [7] used FT-IR to characterize the
changes in chromatographic systems have several structure of human serum albumin adsorbed on a
implications. In preparative-scale chromatography, if reversed-phase support. The secondary structural
the protein of interest denatures irreversibly, the changes reported by the authors were, however,
yield of active protein for the process step will be within the structural estimation errors typically en-
decreased. On the analytical scale, conformational countered in FT-IR measurements. In addition, the
effects could lead to errors in parameter estimation large background contribution of water to the amide
for adsorption /desorption models and in sample I infrared signal often makes reliable estimation of
purity analyses. On a more fundamental level, con- protein structure in the adsorbed state difficult. To
formational changes, if ignored, could lead to mis- circumvent this problem, Katzenstein et al. [6] used
interpretation of adsorption mechanisms. Hence it is deuterated mobile phases during FT-IR spectroscopic
important to understand how and why denaturation characterization of proteins on C -silica bonded8

occurs and what effects denaturation can have on silica beads. While these authors observed significant
chromatographic performance. changes in the amide I absorbance spectra, they

Researchers have employed a range of approaches could not quantify the structure of the adsorbed
to characterize proteins in chromatographic systems. proteins.
The majority of these investigations involved simple Fluorescence spectroscopy has been used to char-
isocratic or linear gradient elution studies to obtain acterize the tertiary structures of proteins adsorbed
information on protein denaturation kinetics and on flat surfaces [18,19], nano-particles [20] and HIC
thermodynamics [12,13]. In those studies, changes in and reversed-phase supports [6,8]. This technique,
the retention times and z-numbers (the slopes of while very sensitive, provides information only about
log–log plots of protein dynamic capacity factors the microenvironment of tryptophan and tyrosine
versus mobile phase modifier concentrations) of a residues in the protein. Also, in the case of a protein
variety of proteins were studied as a function of containing multiple tryptophan or tyrosine residues,
chromatographic conditions. While these studies interpretation of steady state fluorescence spectra
yielded qualitative information, little quantitative becomes difficult.
information on the structural states of proteins Recently, McNay and Fernandez [21] have used
adsorbed on stationary phases was obtained. Accord- nuclear magnetic resonance (NMR) spectroscopy
ingly, it is difficult to compare the extent of denatu- and amide proton–deuteron exchange techniques to
ration from one experiment to another. Furthermore, study the unfolding of lysozyme adsorbed on re-
this approach does not permit adsorption behavior to versed-phase supports. The great strength of this
be related to adsorbed protein structure. technique is that individual residues that have amide

Circular dichroism (CD) [14–16] and Fourier protons that are exchangeable in the adsorbed state
transform infrared spectroscopy (FT-IR) [4] have and subsequently protected from exchange upon
been used to characterize protein structures in solu- desorption may be identified; that is, residues that
tion before and after elution from a chromatographic participate in transient unfolding phenomena on the
column. However, spontaneous refolding of proteins surface can be identified. The limitations of this
after desorption complicates interpretation of these technique are that amide protons which are ex-
results. The post-exposure conformation may be an changeable in the native state cannot function as
inadequate representation of the state of the protein reporter groups and the structure of the protein in the
when it is actually interacting with the media. adsorbed state is indeterminate.

Several previous investigators have attempted to Amide I band Raman spectroscopy is an alter-
characterize the structures of proteins in the adsorbed native, quantitative technique for the characterization
state. Kondo and Mihara [17] used CD to estimate of the secondary structures of proteins. Some of the
the secondary structure contents of proteins adsorbed advantages of Raman spectroscopy include its
on silica particles. However to minimize light-scat- suitability for protein samples in solid, solution,
tering effects, these experiments were limited to suspension, immobilized and adsorbed states with
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minimal preparation. We have recently developed a well as the salts used were obtained from Aldrich
new structure estimation algorithm that accurately (Milwaukee, WI, USA). Lysozyme from chicken egg
accounts for solvent, stationary phase and fluores- white (L-7001), ribonuclease A from bovine pan-
cence contributions to sample spectra and reliably creas (R-5000) and a-lactalbumin from bovine milk
estimates the secondary structure contents by a (L-5385) were obtained from Sigma (St. Louis, MO,
deconvolution of the underlying amide I band signal USA). Water with a resistivity of greater than 18
[22]. MV / cm, prepared by serial treatment of tap water

In this investigation, amide I band Raman spec- via microfiltration, passage through activated carbon
troscopy was used to characterize proteins adsorbed and Purolite NRW-37SC mixed ion-exchange resin
on standard chromatographic materials. Quantitative beds, reverse osmosis filtration, 185- and 254-nm
secondary structure estimates were obtained for ultraviolet sterilizers, and ultrafiltration through an
adsorbed proteins under different stationary phase M 50 000 membrane, was used throughout.r

and mobile phase conditions. Finally, linear gradient
elution experiments were performed to correlate the 2.3. Procedures
observed secondary structural changes with the
retention behavior in a chromatographic column. 2.3.1. Batch adsorption

For in-situ structure characterization, small bat-
ches (10 to 20 mg) of chromatographic media were
first equilibrated with an appropriate mobile phase2. Experimental
(S-Sepharose: 20 mM phosphate buffer with 50 mM

1Na , pH 6.0; Sephasil-4 and C -silica: deionized182.1. Equipment water with either a trace of HCl for pH adjustment or
a mixture of 0.1% TFA and 5% to 10%, v/v,

All Raman spectra were collected on a Jobin Yvon ethanol). In experiments with reversed-phase media,
T64000 Raman system (ISA, Edison, NJ, USA) with a small amount of salt (NaCl, NaI or KBr; 10 mM to
a triple monochromator operated in additive mode. 100 mM) was also added to the mobile phase. The
The excitation source was an argon ion laser oper- salt helped quench the intense fluorescence from the
ated at 514.5 nm (Model 95, Lexel Laser, Fremont, stationary phase. Proteins were dissolved in the
CA, USA). The laser power at the source ranged equilibrating mobile phase to make solutions with a
from 33 to 100 mW, depending on the sample. A concentration of 10 mg/ml. The stationary phase
liquid nitrogen cooled CCD with a chip size of 1 slurry was then mixed with the protein solution.
in.31 in. was used as a detector (1 in.52.54 cm). Depending on the adsorbed protein concentration

21Spectral resolution was |0.6 cm . All linear gra- that was desired, the volume ratio of stationary phase
dient elution experiments were performed on an Akta slurry to protein solution ranged from 4:1 to 1:2. The
Explorer integrated chromatography system (Amer- samples were slowly mixed on an end-over-end
sham Pharmacia Biotech, Piscataway, NJ, USA). rotator for 1 to 2 h. The slurries were then loaded

into capillary tubes for protein secondary structure
2.2. Chemicals characterization. In some cases, the concentration of

protein in the supernatant was determined using
S-Sepharose (agarose-based cation-exchange absorption at 280 nm. The adsorbed protein con-

media) and Sephasil-4 (silica-based C -ligated re- centration was then estimated using a mass balance.4

versed-phase media) bulk stationary phases were
obtained from Amersham Pharmacia Biotech. A C - 2.3.2. Raman spectroscopy4

silica column (15034.6 mm) and C -silica bulk The secondary structures of proteins in adsorbed18

media were obtained from Vydac (Hesperia, CA, and solution states were characterized using Raman
USA). HPLC-grade ethanol was obtained from spectroscopy. The spectrometer and the data acquisi-
Fisher Scientific (Pittsburgh, PA, USA). HPLC-grade tion procedure have been described in detail else-
trifluoroacetic acid (TFA) and hydrochloric acid as where [22]. Capillary tubes filled with about 20 ml of
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sample were mounted on the macro-sampling acces- structure estimation procedure is fully automated and
sory of the spectrometer. For adsorbed protein does not require any intervention or judgement on
samples, the stationary phase particles were allowed the operator’s part. The full details of the spectral
to settle to the bottom of the capillaries. Raman interpretation procedure have been described else-
spectra of the settled bed of stationary phase particles where [22]. Validation studies using model proteins
and of the clear liquid supernatant were then col- with well characterized three-dimensional structures
lected. Background spectra were collected under were performed: the overall averaged error in our
identical conditions, but without protein. To char- Raman-based secondary structure estimates relative
acterize the effects of the mobile phases alone, to reported X-ray structure data is about 4 structure
proteins were dissolved in the mobile phases and percent [22].
analyzed. Background spectra of each mobile phase
alone were also collected. The collection time per 2.3.3. Linear gradient elution chromatography
sample varied from 20 to 60 min per replicate. All Experiments were conducted with reversed-phase
spectra collections were performed in triplicate. media only. The composition of mobile phase A was

Amide I band Raman spectra in the 1500 to 1800 water–ethanol (90:10, v /v), 0.1% TFA and 100 mM
21cm region were analyzed for secondary structure. sodium chloride while that of the mobile phase B

This procedure is based on the reference spectra was water–ethanol (10:90, v /v), 0.1% TFA and 100
approach. First Raman spectra for several well mM sodium chloride. Experiments were carried out
characterized crystalline proteins were collected. By at different mobile phase compositions (0% B to
correlating the spectra of these proteins in the 40% B) during loading. In each gradient experiment,
conformationally sensitive amide I region with their a final mobile phase composition of 100% B was
secondary structure determinations from X-ray crys- used. The column was initially equilibrated for 10
tallography [23], amide I region reference spectra for column volumes with the appropriate starting mobile
pure secondary structure types were calculated. To phase. Fifty microliters of a 1 mg/ml protein solu-
analyze adsorbed or solution protein spectra, the tion in mobile phase A was loaded onto the column
amide I band regions were fit as linear combinations and eluted using linear gradients of varying lengths.
of the pure structure reference spectra and corre- A dual wavelength UV diode detector (l5280 nm
sponding adsorbent and/or solvent background spec- and 215 nm) and a conductivity meter were used to
tra. The secondary structure estimates for each monitor the protein concentration and the ethanol
protein sample were then calculated from the concentration at the column exit.
superposition coefficients. In this procedure, we
parse secondary structure contents into five
categories: (1) ordered helix, including all the a- 3. Results and discussion
helical residues except for two residues at either end
of an a-helix; (2) unordered helix, including the two The secondary structure analyses for ribonuclease
residues at each end of an a-helix as well as 3 A and a-lactalbumin adsorbed on the S-Sepharose10

helices; (3) sheet, including all residues participating cation-exchange gel are presented in Fig. 1. In the
in parallel and anti-parallel b-sheet strands; (4) turn, figure, the estimates for percent ordered helix (A),
including all the residues participating in b-turns; unordered helix1sheet (B), turn (C) and unordered
and (5) unordered, including all the residues not (D) contents for both adsorbed and solution states
assigned to any of the first four ordered structure are shown with the associated standard deviations
types. Since the amide I band spectra of unordered resulting from triplicate analyses of spectra. Evident-
helix and sheet residues are very similar, it is not ly, there is little perturbation of secondary structure
possible to separately estimate their fractional con- of the examined proteins on adsorption. Ribonu-
tent in a protein of unknown structure. Accordingly clease A and a-lactalbumin span a broad range of
contents of only four secondary structural categories backbone flexibility, with adiabatic compressibilities

212 212 2(ordered helix, unordered helix1sheet, turn, unor- of 1.12?10 and 8.27?10 cm /dyn, respectively
dered) are reported for each protein sample. The [23]. However, for these two proteins, the relative
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rigidity of the protein backbone played no apparent
role in the structural response to adsorption. This
result confirms the expected benign nature of the
highly hydrophilic agarose-based ion-exchange gels
and demonstrates the reliability of the Raman
spectroscopic analysis technique as applied to pro-
teins adsorbed on particulate surfaces.

In contrast to ion-exchange chromatography, pro-
teins are known to be prone to structural perturba-
tions in reversed-phase chromatography [5–7]. Ex-
periments were conducted in reversed-phase systems
using ethanol and small concentrations of salt (10–
100 mM) as mobile phase modifiers. The secondary
structure analyses of proteins adsorbed on silica-
based reversed-phase media under a variety of
conditions are shown in Figs. 2 and 3. In these
figures, the Raman estimates for secondary structure
contents (symbols) are given along with the crys-
tallographically determined secondary structure con-
tents (solid lines) for each experimental condition. As
a control for the Raman analysis technique, the
secondary structure contents of lysozyme in solution
were estimated independently (data not shown) and
found to be almost identical to the crystallographical-
ly assigned structure [24]. As seen in the figures,
adsorbed lysozyme exhibits considerable secondary
structure perturbation from its solution structure.

The effect of the mobile phase pH and the type of
acid on adsorbed protein structure is examined in
Fig. 2. At pH 2.1, with TFA or HCl, as well as at pH
6.5, lysozyme adsorbed on C -silica exhibited sig-4

nificant losses in ordered helix and unordered con-
tents with corresponding gains in unordered helix1

sheet content. Our estimates indicate that over 25%
of the lysozyme backbone was perturbed due to
adsorption on the C material. The relative insen-4

sitivity of adsorbed protein structure to mobile phase
pH, as seen in Fig. 2, implies that the observed
structural changes were not due to acid-induced
unfolding phenomena [25] at the low pH typically
employed in reversed-phase chromatography, but
rather due to the adsorption process itself. This is notFig. 1. Secondary structure estimates for proteins adsorbed on

S-Sepharose. Individual secondary structure elements shown: (A) a surprising result considering the known structural
ordered helix; (B) unordered helix1sheet; (C) turns; and (D) stability of lysozyme in solution below pH 2 [26].
unordered. Abbreviations: a-lactalbumin (ALAC) and ribonu- Fig. 2 also shows the structure of lysozyme
clease A (RNA) Adsorption conditions: 20 mM phosphate buffer,

adsorbed on a silica based n-C reversed-phase1850 mM Na, pH 6.0. Symbols: h, protein in solution; j, adsorbed
material in the presence of the pH 2, TFA, 10%protein. Error bars represent 6one standard deviation of estimates

from analyses of triplicate spectra. ethanol solution. Interestingly, the secondary struc-
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Fig. 2. Effect of mobile phase and stationary phase conditions on
the secondary structure estimates for lysozyme adsorbed on
reversed-phase materials. Individual secondary structure elements Fig. 3. Effect of surface concentration (Q) on the secondary
shown: (A) ordered helix; (B) unordered helix1sheet; (C) turns; structure estimates for lysozyme adsorbed on C -silica reversed-4

and (D) unordered. Symbols and lines: m, adsorbed protein; —, phase media. Individual secondary structure elements shown: (A)
X-ray structure. Base case adsorption conditions: mobile phase ordered helix; (B) unordered helix1sheet; (C) turns; and (D)
consists of deionized water10.1% TFA, pH 2.1, 10% (v/v) unordered. Symbols and lines: m, adsorbed protein; —, X-ray
ethanol, and 100 mM sodium chloride; the stationary phase was structure. Adsorption conditions: deionized water with 0.1% TFA,
C -silica. Changes from the base case conditions are indicated on pH 2.1 and ethanol and sodium chloride. Error bars represent4

the x-axis. Error bars represent 6one standard deviation of 6one standard deviation of estimates from analyses of triplicate
estimates from analyses of triplicate spectra. spectra.
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ture of the adsorbed lysozyme is perturbed in a adsorption isotherm is considerably depressed as
similar fashion to that for the corresponding n-C compared to the isotherm at 100 mM sodium iodide.4

media case. Thus, it appears that for lysozyme, the The maximum adsorption capacity of the C -silica4

secondary structure in the adsorbed state is relatively material for lysozyme appears to be around 0.055 mg
insensitive to the surface hydrophobicity. The effect protein /mg media. Thus, at this adsorbed protein
of the ethanol concentration in the mobile phase on concentration in Fig. 3, the stationary phase surface
the structure of lysozyme adsorbed on the C -based was saturated. Since, from Fig. 3, the extent of4

media is also shown in Fig. 2. In the range of ethanol structural changes in adsorbed lysozyme increase as
concentrations studied, 5% to 10% (v/v), the extent the surface approaches saturation, lateral interactions
of structural change in lysozyme on adsorption must play a significant role in determining the extent
appears to be independent of ethanol concentration. of structural perturbation. At saturation, there must

The experiments shown in Fig. 2 were conducted be considerable intermolecular contact and possibly
at an adsorbed protein concentration of approximate- even aggregation. Accordingly, we may speculate
ly 50 mg protein per gram of dry stationary phase. that the increased unordered helix1sheet content for
The effect of adsorbed protein concentration on the lysozyme adsorbed under high surface concentration
secondary structure of lysozyme in the adsorbed conditions is due, at least in part, to intermolecular
state, holding mobile phase conditions constant, was b-sheet formation. Intermolecular b-sheet formation
also examined. Different adsorbed protein concen- is a common signature of protein aggregate forma-
trations were achieved via employing various station- tion [27]. At lower adsorbed protein concentrations,
ary phase–protein mass ratios during batch adsorp- in the range of 25 to 30 mg protein /g media, which
tion. As seen in Fig. 3, the structural changes for were equivalent to about 50% of the saturation
adsorbed protein at a concentration of 0.055 mg capacity, there were fewer intermolecular interac-
protein /mg media were comparable to those ob- tions leading to a lower overall unordered helix1

served in Figs. 2. However, the extent of the sheet content in the adsorbed state. Adsorbed protein
structural changes significantly decreased as the structural characterization results (data not shown)
adsorbed protein concentration decreased. from similar experiments using potassium bromide

In order to estimate the saturation capacity of the led to similar results.
C -silica, the isotherms for lysozyme adsorption on It has been shown that during reversed-phase4

this material under two different salt concentrations chromatography, significant quantities of organic
and at 10% (v/v) ethanol were determined. As seen phase may become extracted into the stationary
in Fig. 4, at 10 mM sodium iodide, the lysozyme phase [28]. As a result of such partitioning the

adsorbed protein may experience a higher organic
modifier concentration as compared to the protein in
the mobile phase. Some researchers have suggested
that this lower dielectric microenvironment may be
responsible for structural changes in the adsorbed
protein. To explore such a possibility, the structure
of lysozyme was characterized in solutions con-
taining varying fractions of ethanol. Results are
shown in Fig. 5. Clearly, even at an ethanol con-
centration of 50% (v/v) with an approximate dielec-
tric constant of 50, lysozyme exhibited minimal
structural perturbation from its X-ray structure. This
indicates that the structural changes observed in Figs.

Fig. 4. Adsorption isotherms for lysozyme adsorbed on C -silica4 2 and 3 were not due to solvent effects in the
at two different salt concentrations. Symbols and lines: j, 10 mM

stationary phase microenvironment.sodium iodide; m, 100 mM sodium iodide. Adsorption conditions:
Chromatographic experiments were also carrieddeionized water with 0.1% TFA, pH 2.1 and ethanol and sodium

iodide. out to provide additional insight into the behavior of
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lysozyme in these reversed-phase systems. Lyso-
zyme was loaded onto an analytical scale C column4

at different ethanol concentrations and was then
eluted from the column using linear gradients of
different slopes to 90% (v/v) ethanol. Fig. 6 shows
chromatograms at two different initial ethanol con-
centrations. In both cases, there is a major peak
(peak 2) that elutes at around 42% (v/v) ethanol.
However, an additional peak (peak 1) near the dead
volume of the column was only seen for the 26%
(v/v) initial ethanol concentration experiment (Fig.
6B). Peak 1 does not appear when lysozyme is
loaded at or below 18% (v/v) ethanol. One possible
explanation for the appearance of the second peak is
adsorption-induced structural changes. To test this
hypothesis, peaks 1 and 2 from Fig. 6B were

Fig. 5. Effect of mobile phase ethanol concentration on the
secondary structure of lysozyme in solution. Individual secondary Fig. 6. Linear gradient elution profiles for lysozyme. (A) Linear
structure elements shown: (A) ordered helix; (B) unordered gradient, 18–90% ethanol; (B) linear gradient, 26–90% ethanol.
helix1sheet; (C), turns; and (D) unordered. Symbols and lines: j, Chromatographic conditions: flow, 0.6 ml /min; column, 15034.6
protein in solution; —, X-ray structure. Solution conditions: mm; mobile phase, deionized water with 0.1% TFA, pH 2.1 and
deionized water with 0.1% TFA, pH 2.1 and ethanol and sodium ethanol and 100 mM sodium chloride. Chromatogram detected by
chloride. Error bars represent 6one standard deviation of esti- optical absorbance at 280 nm; ethanol gradient based on con-
mates from analyses of triplicate spectra. ductivity trace.
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collected and re-chromatographed under the same titatively characterized lysozyme adsorbed on C -4

conditions. Interestingly, both fractions, despite their and C -silica under a variety of conditions. Quan-18

initial homogeneity, elute as two peaks as shown in titative secondary structure estimation has allowed us
Fig. 7. The retention times for the two peaks in each to identify a possible mechanism for the denaturation
case match closely with those of the original peaks 1 of adsorbed lysozyme; a significant component of the
and 2 (Fig. 6). From these data it appears that observed denaturation seems to be attributable to
lysozyme undergoes reversible unfolding on the C aggregation and subsequent intermolecular b-sheet4

column. Lysozyme is a relatively hydrophilic mole- formation among adsorbed molecules. To our knowl-
cule [29] and in the native state should be weakly edge, this is the first evidence of aggregation of
retained on a hydrophobic surface (peak 1). How- lysozyme on reversed-phase supports. A detailed
ever, once it unfolds on the surface its hydrophobic interpretation of this sort was not possible in previ-
interior is exposed, allowing it to interact to a greater ous studies [19,30–32] because of their mostly
extent with the stationary phase ligands. Consequent- qualitative nature.
ly, the strongly retained peak 2 probably corresponds Several previous results in the literature provide
to the denatured state which was seen to exhibit indirect support of our findings. Robeson and Tilton
increased unordered helix1sheet content via Raman [19] used attenuated total reflection (ATR) with FT-
spectroscopy. IR to characterize lysozyme adsorbed on silica. As

Thus, in the current investigation we have quan- the adsorbed protein concentration increased, they
observed spontaneous reorganization of adsorbed
layer. The authors concluded that the reorganization
was due to lateral interactions between the adsorbed
molecules. Using a similar approach, Ball and Jones
[32] characterized temperature induced structural
changes in lysozyme adsorbed on silicone. Above a
certain transition temperature, they observed appear-

21ance of a new peak around 1621 cm which is
indicative of b-sheet formation. Furthermore, the
transition temperature decreased as the surface
coverage increased. The results, in agreement with
the current investigation, suggest that lysozyme
adsorbed on a hydrophobic surface becomes increas-
ingly susceptible to b-sheet formation as the ad-
sorbed protein concentration increases.

During linear gradient elution experiments with
pure lysozyme, Ingraham et al. [30] observed a
lysozyme peak that eluted close to the dead volume
of the column. Under more denaturing conditions, a
portion of the lysozyme eluted much later during the
gradient. This later eluting component could be
similar to the denatured state of lysozyme that we
have characterized in this study. Lu et al. [31]
attempted to characterize lysozyme adsorbed on n-
butyltriethoxy silane bonded silica using fluores-
cence. Lysozyme, which was loaded under strongly

Fig. 7. Linear gradient elution of re-injected peaks 1 and 2 from binding conditions, eluted as two peaks: one with a
Fig. 6. (A) Re-injected peak 1; (B) re-injected peak 2. For both

short residence time and the second with a muchchromatograms, fractions were collected from the elution experi-
longer residence time. They interpreted their fluores-ment shown in Fig. 6B. All chromatographic conditions identical

to those of Fig. 6. cence data on the kinetics of the structural adaptation
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following adsorption using a two-step mechanism. In changes. Spectroscopic work of other investigators
the first step, which occurs almost instantaneously, suggests, as discussed above, that structural transi-
tryptophans in the protein move to a more hydro- tions of this type may not be limited to reversed-
philic environment indicating partial unfolding of phase materials, but may also be observed on other
lysozyme on the surface. In the second step, which hydrophobic surfaces.
occurs over a few minutes, tryptophans move to a
more hydrophobic environment. This later step could
be due to aggregation among lysozyme molecules on 4. Conclusions
the surface as suggested in the current investigation.
Aggregation may trap previously exposed In this study, the secondary structure of lysozyme
tryptophans within the contact regions between adsorbed on reversed-phase supports under a variety
aggregating molecules, in effect moving them to a of conditions was characterized quantitatively. The
more hydrophobic environment. Alternatively, the surface concentration of the adsorbed protein was
second step may involve association of the observed to play a significant role in driving structur-
tryptophan residues with the hydrophobic surface al changes in adsorbed lysozyme. The findings
itself. presented in this paper has several implications

The NMR-based work of McNay and Fernandez pertinent to the reversed-phase liquid chromatog-
[21] with lysozyme adsorbed on C - and C -based raphy of proteins. First, lysozyme adsorption be-4 18

reversed-phase media is particularly cogent to this havior indicates that secondary structures of proteins
study, providing the identity of specific residues can be significantly perturbed by adsorption on
involved in structure-disrupting interactions with reversed-phase materials. These structural changes
these surfaces. Our findings are similar in that we could have a dramatic impact on the corresponding
both find that denaturing interactions are extensive. retention behavior. As we observed, in linear gra-
The NMR study demonstrated the participation of dient experiments, the native state of lysozyme
specific residues from b-sheet segments and, to a exhibits minimal retention on a C material while the4

smaller extent, a-helix segments; this is consistent perturbed state of lysozyme elutes at around 45%
with our finding that the adsorbed state is typically (v /v) ethanol concentration. This is consistent with
depleted in helix content and enriched in sheet the expectation that the perturbed state results either
content. The results of our studies differ in that in the exposure of a greater number of hydrophobic
McNay and Fernandez saw evidence for greater residues to the media or in a greater number of
structural perturbation on the C media relative to lateral protein interactions which must be disrupted18

the C media; our structure estimates for the ad- to permit desorption.4

sorbed states on both media were similar. A com- Second, for relatively hydrophilic molecules such
plicating factor in a comparative analysis of our as lysozyme, structural perturbation could be a
results is that the protein loadings were different. necessary requirement for retention on a reversed-
Loadings in the NMR study were done in the phase column. In reversed-phase liquid chromatog-
absence of a mobile phase modifier such as ethanol raphy, hydrophobic interactions with the stationary
and are likely much greater than those we report; we phase ligand are primarily responsible for binding of
find that loading, and presumably lateral protein– protein to the column. For stability in aqueous
protein interactions, significantly impact adsorbed environments, hydrophilic residues in a protein are
protein structure. concentrated on its surface while the hydrophobic

Thus, the results presented in this paper are in residues are typically buried in the protein’s interior.
agreement with several direct and indirect observa- For a protein with low overall hydrophobicity, the
tions from the previous literature. At high adsorbed surface hydrophobicity in the native state is likely to
protein concentrations, lysozyme undergoes a struc- be even lower. Accordingly, strong protein–surface
tural transition to a high unordered helix1sheet binding would necessitate partial exposure of the
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