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Susceptibility of Different Proteins to Flow-Induced Conformational
Changes Monitored with Raman Spectroscopy
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ABSTRACT By directly monitoring stirred protein solutions with Raman spectroscopy, the reversible unfolding of proteins
caused by fluid shear is examined for several natural proteins with varying structural properties and molecular weight. While
complete denaturation is not observed, a wide range of spectral variances occur for the different proteins, indicating subtle
conformational changes that appear to be protein-specific. A number of significant overall trends are apparent from the study.
For globular proteins, the overall extent of spectral variance increases with protein size and the proportion of b-structure. For
two less structured proteins, fetuin and a-casein, the observed changes are of relatively low magnitude, despite the greater
molecular structural mobility of these proteins. This implies that other protein-specific factors, such as posttranslational
modifications, may also be significant. Individual band changes occurring in the spectral profiles of each individual protein are
also discussed in detail.
INTRODUCTION
Protein unfolding has been, and continues to be, extensively

studied due to its relevance not only to protein engineering

but also to biological processes including misfolding-related

pathologies such as Alzheimer’s and Parkinson’s diseases.

Spectroscopic techniques such as circular dichroism,

infrared, and Raman spectroscopy are increasingly being

applied to investigations of conformational transitions in

proteins due to their ability to follow perturbation-induced

unfolding and folding processes (1,2). Several different

physicochemical parameters, including pH, temperature,

and mechanical force, have been shown to induce conforma-

tional changes including unfolding, molten globule

formation, and fibril formation (3–7). However, the effect

of fluid flow on protein structure has not been examined in

detail, despite the fact that protein dynamics research and

biotechnology applications often involve dynamic processes

such as pumping, filtration, and mixing, that expose protein

solutions to complex shear fields. Previous studies have

produced strong evidence that fluid shear can unfold

proteins; however, this is not true in all cases. For example,

flow-induced unfolding of b-lactoglobulin (8,9), glycopro-

teins IB (10), and von Willebrand Factor (11,12) have

been reported, whereas alternative studies of horse cyto-

chrome c were used to suggest that proteins may not unfold

under high shear rates (13). The use of different proteins,

fluidic devices, and measurement techniques renders it

difficult to compare results across different studies in the

literature, and has possibly contributed to the lack of a clear

understanding of shear-induced unfolding. Given the varia-

tions in protein stability as a function of structure (14–17),

it is reasonable to suggest that the likelihood of a protein
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experiencing conformational variation under a certain set

of flow conditions will be related to its structure and,

therefore, the properties of flow-induced unfolding may be

protein-specific.

To test this hypothesis, a series of experiments have been

undertaken whereby six different natural proteins with

varying structural properties have been separately exposed

in solution to controlled fluid dynamic conditions and

monitored during this process using Raman spectroscopy.

The method by which these experiments have been

conducted is similar to that of a previous investigation of

flow-induced unfolding in lysozyme, which revealed that

shearing of lysozyme in water altered the protein’s backbone

structure, whereas similar shear rates in 95% glycerol

solutions affected the solvent exposure of side-chain residues

located toward the exterior of the protein (18). In this

procedure, a variable-speed, closed Taylor-Couette flow

cell was designed to subject the protein solutions to shearing

and to allow accurate placement within the spectrometer, thus

enabling spectra of proteins in flow to be recorded in situ

under controlled conditions. As the observed changes were

reversible, the ability to record the protein structure during

shearing was important. For the current experiments, the six

proteins of varying structure and function have each been

studied under the same flow conditions, and with their solu-

tions prepared in a manner as closely matched as possible.

This approach provides the opportunity to verify that flow-

induced conformational changes are related to the structure

and probably the function of the protein, and to determine

the structural features most associated with funfolding.
MATERIALS AND METHODS

Six different protein samples were studied: lysozyme (MW14,300), b-lacto-

globulin (MW 18,350), insulin (MW 5808), concanavalin A (MW 26,500),
doi: 10.1016/j.bpj.2009.10.010
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a-casein (MW 23,600), and fetuin (MW 48,000). Samples were purchased

from Sigma (St. Louis, MO) and used without further purification. The

dry material was dissolved in distilled deionized H2O at a concentration

of 10 mg/mL with the exception of insulin. As insulin is only sparingly

soluble at neutral pH, and requires an acidic pH to be dissolved without

aggregation, it was dissolved at a concentration of 5 mg/mL in distilled

deionized H2O at a pH of 2.0. This resulted in a pH of ~1.6 for the insulin

solution, measured using a pH209 meter (HANNA Instruments, Woon-

socket, RI). Raman measurements were performed using a ChiralRAMAN

spectrometer (Biotools, Jupiter, FL). All spectra were acquired with a total

exposure time of 1 min, a laser wavelength of 532.5 nm, a laser power of

0.60W at the sample, and a spectral resolution of ~7 cm�1. The protein solu-

tions were placed in a specially designed Taylor-Couette flow cell, which

was positioned in the Raman instrument. The cell, which is characterized

by a rotating inner cylinder of radius 20.6 mm mounted inside a stationary

glass cylinder of radius 25.5 mm, has been previously described in detail

(18). For each protein solution, a reference spectrum was first collected

under stationary conditions, and then further spectra were acquired with

the flow cell inner cylinder driven at rotational speeds of 30, 60, 90, 120,

and 150 rpm, before a final spectrum was collected as soon as the cylinder

stopped rotating. All experiments were conducted at room temperature, so

that the measured flow cell temperature remained between 21.5�C and

24.5�C. The flow field corresponding to these conditions has been previ-

ously characterized for this apparatus using particle image velocimetry

and is known to vary between time-invariant Taylor vortex flow and wavy

vortex flow (18). The time-averaged topology of the flow in the Raman inter-

rogation region does not vary significantly over this range of rotational

speeds, whereas the stresses are expected to change almost linearly with

cylinder velocity. Finally, it should be noted that the incident light is unpo-

larized, so any preferential alignment of protein molecules in the flow would

not be detected by this experimental design.

Data pretreatments

All spectral sets exhibited large solvent background that increased with

rotational speed; Fig. 1 displays typical raw data for one protein, b-lacto-

globulin. To directly compare the spectra, the appropriate water spectrum

recorded in the flow cell for each of the rotational speeds was first subtracted

from the raw spectra. Baseline subtraction was performed individually for

each spectrum to remove baseline drift caused by flow rate-dependent back-

scatter noise and instrument instabilities. Electronic smoothing using a fast
FIGURE 1 Raw Raman spectra of b-lactoglobulin recorded without flow,

at low flow rate (30 rpm), high flow rate (150 rpm), and without flow imme-

diately after flow was stopped.
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Fourier transform at two fast Fourier transform points was also applied to

reduce noise without affecting the underlying bands. All data pretreatments

were applied using ORIGIN 7.5 software (OriginLab, Northampton, MA).

After water subtraction was carried out, a spurious signal at ~1380 cm�1

was observed in all spectra, most likely due to an inactive pixel in the

charge-coupled device camera. This resulted in a negative peak which

increased in intensity with increasing flow rates. Data in the region of

~1370–1390 cm�1 were therefore omitted for clarity. Autocorrelations or

variance plots were calculated from the final pretreated data using 2DCos

software freely available on the internet (19), and plotted using ORIGIN 7.5.
RESULTS AND DISCUSSION

Globular proteins

To analyze the way in which protein structural differences

may affect protein susceptibility to shear-induced unfolding,

it is necessary to first describe the secondary and tertiary

structures of the proteins investigated. Four of these six

proteins (concanavalin A, b-lactoglobulin, lysozyme, and

insulin) have known globular structures, as shown in

Fig. 2. Concanavalin A (Fig. 2 a), a saccharide-binding lectin

from the jack bean (Canavalia ensiformis) involved in

storage and defense (20,21), has an overall b-structure with

loops and turns. Beta-lactoglobulin (Fig. 2 b), a major

whey protein of cow’s milk whose function is suggested to

be involved in binding and transport of nonpolar molecules

(4), is also mainly b-sheet with eight antiparallel b-strands

forming an up-and-down b-barrel that forms a central cavity

where binding is thought to take place (22). A three-turn

helix is attached to the central cavity along with a further

ninth b-strand (22,23). Hen egg-white lysozyme (Fig. 2 c)
FIGURE 2 Cartoon representations of the structure of (a) concanavalin A

(PDB 1GKB), (b) b-lactoglobulin (PDB 1BEB), (c) hen egg white lysozyme

(PDB 1LSE), and (d) insulin (PDB 2A3G) drawn from atomic coordinates in

the PDB using PyMOL (Delano Scientific, Palo Alto, CA).
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is an enzyme effective against bacteria and yeast and consists

of mainly helical structure with some b-sheet in two

domains, a and b. The a-domain is rich in a-helical structure

whereas the b-domain contains b-sheet, several loops, and

a further 310 helix. Insulin is a polypeptide hormone that is

stored in pancreatic b-cells as a Zn2þ-stabilized hexamer

but functions as a Zn2þ free monomer. It has extensive

effects on metabolism of carbohydrates and fats, especially

the conversion of glucose to glycogen which lowers the

blood glucose level (24). Its structure (Fig. 2 d) is mainly

helical with its two polypeptide chains linked by one intra-

chain and two interchain disulfide bonds.

Fig. 3 contains the pretreated spectra of these four proteins

acquired with the inner cylinder rotating at 30 rpm (low flow

rate) and at 150 rpm (high flow rate), as well as before and

after the cylinder was rotated. A key finding which is imme-

diately noticeable is that band intensity changes vary widely

between the different proteins. Concanavalin A (Fig. 3 a)

exhibits only very slight changes in some bands and negli-

gible changes in most of the plotted frequency domain. For

b-lactoglobulin (Fig. 3 b), minor changes in intensity can
FIGURE 3 Pretreated Raman spectra of (a) Concanavalin A, (b) b-lactoglobuli

flow rate (30 rpm), high flow rate (150 rpm), and immediately after flow was st
be observed. The lysozyme spectral set (Fig. 3 c) is associ-

ated with larger changes across numerous bands whereas

the insulin spectral set (Fig. 3 d) exhibits the greatest changes

of all the proteins studied. All of the changes observed are

reversible, as illustrated by the similarity between the spectra

acquired before and after flow for each case. For b-lactoglob-

ulin and lysozyme, the changes occur at both low and high

flow rates; however, insulin appears to experience little

change at the low flow rate and significant changes at the

higher flow rates. These results in insulin appear to support

the theory that there is a threshold value of shear above

which globules unfold (12).

By applying the two-dimensional correlation analysis

technique commonly referred to in the spectroscopy commu-

nity as autocorrelation, differences in the extent of intensity

variations can be directly compared. Two-dimensional corre-

lation analysis is a cross-correlation technique, which can be

applied to a set of perturbation-induced spectra as a function

of two independent wavenumber positions (25). The output

from two-dimensional correlation analysis can be repre-

sented in the form of synchronous plots, which identify
n, (c) hen egg white lysozyme, and (d) insulin recorded without flow, at low

opped.

Biophysical Journal 98(4) 707–714



710 Ashton et al.
similarities in behavior between data points at two indepen-

dent wavenumbers, and asynchronous plots, which indicate

overall differences in behavior between data points at the

two independent wavenumbers. Such plots can be highly

complex for the conformational changes exhibited by

proteins and therefore further processing by means of the

autocorrelation have proven useful (26). The autocorrelation

refers to the plot of the relative intensities of the autopeaks in

the synchronous contour maps, which display the overall

extent of intensity changes of individual bands. As the

two-dimensional correlation synchronous maps are a covari-

ance or cross-product matrix (calculated by multiplying

a two-dimensional data matrix by its transpose), the autocor-

relation plot can also be referred to as the variance plot,

which is appropriate here because the largest values

correspond to the largest changes (27). Fig. 4 represents

the variance in the different protein spectra collected across

all five flow rates (30 rpm, 60 rpm, 90 rpm, 120 rpm, and

150 rpm) and before and after flow. The variances of all

four proteins are plotted together for comparison purposes.

The figure reinforces the initial interpretation that for the

majority of spectral variations, with the exception of the

methylene stretch-assigned bands occurring at ~1446 and

1471 cm�1 (28,29), the largest intensity changes are occur-

ring in insulin; this is followed in decreasing order by lyso-

zyme and then b-lactoglobulin, with negligible changes

being observed for concanavalin A.

To provide a possible physical interpretation to this

pattern, the secondary structures of the four proteins need

to be compared. As illustrated in Fig. 2, a key difference in

the structures of insulin and lysozyme compared to those

of b-lactoglobulin and concanavalin A, is the proportion of

b-structure. At one extreme, concanavalin A contains mainly

b-structure and shows negligible changes in intensity.
Biophysical Journal 98(4) 707–714
Conversely, insulin and lysozyme are mainly a-helical,

with little b-structure, and are associated with significant

intensity changes, with insulin showing the greatest changes.

Some band intensity changes occur for b-lactoglobulin,

which is mostly b-sheet with one a-helix, but these variances

are not as strong as those observed for lysozyme or insulin. It

is therefore reasonable to suggest that the extent of b-sheet

structure within a protein determines the susceptibility of

the protein to shear-induced conformational changes and

the degree to which these changes may occur. In a recent

time-of-flight neutron scattering study of well-folded and

natively disordered proteins it was found that b-sheet

structures appeared to be more rigid than a cluster of

a-helices (14). Furthermore, several mechanical unfolding

studies of various proteins also report a relationship between

the secondary structure of the native topology and mechan-

ical resistance to unfolding, suggesting that b- and mixed

a/b proteins can withstand higher forces than a-helical

proteins (15–17). Recent experiments and experimentally

based simulations by Gabovich and Li (30), using a simple

elastic theory, also suggested that unfolding of b-proteins

requires notably higher forces as compared to the stretching

of a-proteins. The presence of large amounts of b-sheet in

concanavalin A, and to some extent b-lactoglobulin, may

therefore provide the proteins with a rigidity which prevents

them from changing their conformation when subjected to

fluid shear.

As a possible alternative to this explanation, it should be

noted that the susceptibility to flow-induced changes may

also be related to protein size. Insulin (MW 5808) is much

smaller than lysozyme (MW 14,300) which in turn is smaller

than b-lactoglobulin (MW 18,350) and concanavalin

A (MW 26,500). The relative length of each protein follows

a similar trend. Therefore, the variances observed in Fig. 4
FIGURE 4 Variance plots generated from the pretreated

flow-induced spectral intensity variations of concanavalin

A, b-lactoglobulin, lysozyme, and insulin.



Flow-Induced Unfolding of Proteins 711
appear to directly correlate with protein size, which suggests

that the smaller a protein molecule is, the more susceptible it

is to shear-induced changes. Earlier studies have suggested

that larger globular proteins are more resistant to mechanical

forces. For example, it has been suggested that the critical

shear rate for unfolding of a polymeric globule in flow

increases as a function of globule radius (12), whereas the

hydrostatic pressure required to denature proteins also

increases with the size of the proteins due to the increased

strength of the hydrophobic interactions in the interior of

the protein (31). The spectral changes shown in Figs. 3

and 4 do not represent complete denaturation; however, it

is feasible that the mechanisms responsible for the higher

stress threshold for unfolding of larger proteins are the

same as those that lead to the increased conformational

changes reported here.

To better understand the nature of the changes, several

individual bands are worth considering in detail. For insulin,

the most pronounced spectral changes occur in bands located

at ~840, 863, 922, and 956 cm�1. In the Raman spectral set

for this protein (Fig. 3 d), no definitive peaks occur at ~840

and 863 cm�1; however, several peaks can be observed to

change profile. It should be recalled that the strongest peaks

in the variance plot represent the wavenumber regions asso-

ciated with maximum intensity change, which do not neces-

sarily correspond to the positions of maximum intensity

found in the Raman spectra. In the spectra shown in Fig. 3

d, two bands can be observed at ~834 and 856 cm�1 for

the case where the protein solution is stationary. For the

higher flow-rate case, the profile in this region appears to

transform to one, containing three possible bands positioned

at ~832, 845, and 860 cm�1. The bands at ~834 and 856 cm�1

are assigned to tyrosine residues (32). The ratio between

these two bands has long been associated with the state of

hydrogen bonding of the tyrosine phenoxyl group. If the ratio

(I860/I832) is ~2.5, then the phenolic oxygen is the acceptor of

a strong hydrogen bond; if the ratio is ~1.25, then the

phenolic oxygen will be both an acceptor and a donor of

moderate to weak hydrogen bond; and if the ratio is ~0.3,

then the phenolic hydroxyl is the proton donor in a strong

hydrogen bond (33,34). A solvent-exposed tyrosine would

be expected to have a ratio of ~1.25, with the phenolic

oxygen being an acceptor and a donator of strong hydrogen

bonds. For the insulin spectra, there is a decrease in this ratio

from ~1.1 when there is no flow, to ~0.9 at the highest flow

rate (150 rpm). This ratio decrease suggests a possible

decrease in solvent exposure of the tyrosine residues. There

are two tyrosine residues (Tyr14 and Tyr19) that are both posi-

tioned in one of the a-helices, suggesting that changes are

occurring in the a-helical structure in the presence of flow,

although they may only be small alterations in geometry or

hydration resulting in a change in the extent to which the

phenolic oxygen is an acceptor of hydrogen bonding.

In the variance plots for lysozyme and b-lactoglobulin,

much weaker peaks can be observed at ~840 and
863 cm�1, indicating that these bands are also changing in

intensity with flow, albeit to a lesser extent than for insulin.

For lysozyme, the peak intensity ratio decreases from 0.8 to

0.7 when the rotational rate increases from 0 to 150 rpm,

and for b-lactoglobulin the ratio fluctuates at ~0.7. This

suggests that there is no change in solvent exposure of tyro-

sine residues in b-lactoglobulin and only a possible small

decrease in exposure of lysozyme tyrosine residues as the

proteins are exposed to shear flow. There are three tyrosine

residues in both b-lactoglobulin and hen egg white lyso-

zyme. In lysozyme, two tyrosine residues are situated in

the more interior loops and turns of the a-domain (Tyr20

and Tyr23) and a third in the loops of the b-domain

(Tyr53). In b-lactoglobulin, two tyrosine residues are situated

in elements of b-structure (Tyr42 and Tyr102) and one in

a loop between two b-strands (Tyr99). Consequently, for

both lysozyme and b-lactoglobulin there are no tyrosine resi-

dues located in a-helical structure, which may explain why

smaller intensity variations are observed at ~830 and

860 cm�1 for these two proteins than for insulin. The band

at 1175 cm�1 has also been assigned to tyrosine and, as

shown by the variance plot intensities, spectral variations

occur to the greatest extent in insulin, followed by lysozyme

and then b-lactoglobulin.

The band at ~956 cm�1 has previously been assigned to

less-ordered structure (29,35) and therefore the increase in

the intensity of this band for insulin may suggest an increase

in less-ordered structure. The band at 922 cm�1 has not been

conclusively assigned in the literature, but bands in the

vicinity of 930 cm�1 are assigned to a-helix (36,37), and it

may be that the changes occurring in this region are as a result

of changes in a-helical structure.
Proteins with less defined structure

To further explore the links between protein structure and

fluid shear-induced unfolding behavior, the study was

extended to two proteins with less defined structure, namely

a-casein and fetuin. There are four types of caseins (i.e., as1-,

as2-, b-, and k-casein) (38,39), which are the phosphopro-

teins that form the major component of milk. In bovine

milk 78% of the protein content is casein, of which 65% is

a-casein composed of the as1- and as2-subunits, whose

functions include transport of calcium and other metal ions

to neonates, protection against heat coagulation, binding to

membrane receptors, and acting as a signal transducer (40).

Several structural studies suggested that a-casein has an

open tertiary structure with no prevailing periodic secondary

structure (40,41). However, other studies have suggested

some secondary structure including regions of a-helix,

b-structure, including turns and loops, and PPII (38,41,42).

Fetuins are glycoproteins secreted in the liver and detected

in the blood plasma of all mammalian species (43). They

are similar carrier proteins to serum albumins but found in

abundance in fetal blood with diverse physiological roles
Biophysical Journal 98(4) 707–714



712 Ashton et al.
including mineralization, brain development, and innate

immunity (43). Fetuin is composed of ~24% carbohydrate

with three branched heteropolysaccharide units with similar

monosaccaride composition (7). As with the majority of

glycoproteins, the precise structure of the protein portion

has yet to be conclusively determined. Human fetuin-A is

reported as having a two-chain peptide structure, whereas

the bovine fetuin has been traditionally reported as having

only one chain; however, more recent studies suggest that

bovine fetuin exists as a disulfide-bridged two-chain form,

with a long N-terminal domain and a short C-terminal

domain (43,44).

Fig. 5, a and b, displays, respectively, the spectra of

a-casein and fetuin before flow, at low and high rates, and

after flow. When these spectra sets are compared to the

previous sets shown in Fig. 3, fewer intensity changes can

be observed for a-casein and fetuin than for lysozyme,

insulin, and b-lactoglobulin, although there are more changes

in these unstructured proteins than occurred for concanavalin

A. This is further supported by Fig. 6, which compares the
FIGURE 5 Pretreated Raman spectra of (a) a-casein and (b) fetuin re-

corded without flow, at low flow rate (30 rpm), high flow rate (150 rpm),

and immediately after flow was stopped.
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variance plots of a-casein, fetuin, and insulin, and illustrates

that the majority of spectral variations occurring in insulin

are far larger than the changes observed in both a-casein

and fetuin. The work by Gaspar et al. (14) involving time-

of-flight neutron scattering suggested that the unstructured

proteins, including a-casein, were more flexible than the

globular proteins. However, our results indicate that both

a-casein and fetuin are less susceptible to flow-induced

conformational changes than the globular proteins lysozyme,

insulin, and b-lactoglobulin. This implies that the tendency

for a protein to unfold is not fully determined by its flexi-

bility, and that other factors, such as the size and/or structure

of the protein, may be more important. With regard to the

possible effect of protein size, a-casein has only a slightly

lower molecular weight (MW 23,600) than the largest,

most stable protein, concanavalin A (MW 26,500), and

fetuin has a larger molecular weight (MW 48,000) than

both. This contradicts the clear trend, reported above for

globular proteins, that mechanically induced conformational

changes are directly related to protein size, and may suggest

instead that structural type is a more effective control param-

eter. However, when considering this problem with relation

to unstructured proteins, other factors specific to the studied

proteins should be considered. For instance, both fetuin and

a-casein have posttranslational modifications. Fetuin has

the addition of three branched heteropolysaccharide units

(7), and a-casein has eight-to-nine phosphate groups attached

to serine residues (38,45); it may be that these modifications

act to reduce the susceptibility of these proteins to flow-

induced conformational changes, although this requires

further investigation.

Although the majority of spectral changes are greater in

insulin than a-casein and fetuin, an exception occurs in the

region ~1530–1660 cm�1. Bands in this region are assigned

to tryptophan residues (29,46) and the increase in intensity of

these bands indicates a change in solvent exposure of trypto-

phan residues. No tryptophan residues are present in bovine

insulin; however, there are six tryptophan residues present in

lysozyme and no spectral variations occur at either ~1556 or

1581 cm�1 in Fig. 4. Beta-lactoglobulin also has two trypto-

phan residues, and in Fig. 4 a small change can be observed

in the band at ~1570 cm�1. As shown in Figs. 5 and 6, the

largest intensity variations for a-casein and fetuin occur in

bands at ~1556 and 1581 cm�1, indicating a possible

increase in solvent exposure of tryptophan residues. Conse-

quently, although a-casein and fetuin do not undergo flow-

induced conformational changes to the same extent as

insulin, lysozyme, and b-lactoglobulin, changes in side-

chain exposure are detectable when these less structured

proteins are in flow.
CONCLUSIONS

By acquiring Raman spectra of protein solutions within

a specially designed Taylor-Couette flow cell, the



FIGURE 6 Comparison of variance plots generated from

the pretreated flow-induced spectral intensity variations of

insulin, fetuin, and a-casein.
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conformational changes in proteins of varying structure have

been monitored and compared. In all cases, the recorded

changes were subtle and reversible, rather than providing

evidence of complete unfolding. However, the extent of

the conformational variations differed markedly for the six

different proteins used for this study, despite the fact that

each protein was exposed to the same flow conditions. The

degree of conformational change in flow appears to be

related to structure, and possibly the size of the protein.

For globular proteins there appears to be a correlation

between the amount of b-structure and the extent of unfold-

ing. Proteins with the greater proportion of b-structure

(concanavalin A and b-lactoglobulin) exhibited less spectral

variation than those with a larger percentage of a-helix

(lysozyme and insulin). Additionally, there is a clear inverse

relationship between the degree of conformational change

and the size (molecular weight and radius) of the globule

proteins. However, the investigations of two proteins with

less defined structure, a-casein and fetuin, suggest that, in

general, it is structure rather than molecular weight that

determines the extent of flow-induced conformational

changes. Furthermore, the relatively low degree of unfolding

of these proteins compared to globular proteins b-lactoglob-

ulin, lysozyme, and insulin, implies that flexibility is not

necessarily the property that always determines protein

stability in mechanical shear environments. Susceptibly to

flow-induced changes in these two proteins may be reduced

due to the posttranslational modifications of phosphorylation

and glycosylation.

The most significant flow-induced changes occurred in the

insulin spectra, which revealed decreased exposure of the

tyrosine residues situated in a-helical structure. This

suggests conformational changes are most likely occurring

in a-helical structure with possible fluctuations in geometry

or hydration. The insulin spectra also imply that there is
a threshold value of shear above which the protein unfolds:

only minor changes were observed at an inner cylinder rota-

tional speed of 30 rpm. However, there were significant

changes that occurred at the higher flow rates. This implies

that the flow-induced changes are not only specific to protein

structure but may also be highly shear-stress-dependent.

These initial investigations into flow-induced conforma-

tional changes have demonstrated the vast potential of using

Raman spectroscopy with specially designed flow cells to

monitor flow-induced structural behavior of proteins. By

adapting the flow cell to have more precise control over

flow conditions, it should be possible to further investigate

and determine relationships among fluid stresses, unfolding

behavior and structural differences, and therefore develop

a greater understanding of flow-induced conformational tran-

sitions and protein unfolding processes.
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